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ABSTRACT 


The  optical  radiation  from  air  and  nitrogen  bombarded  by  energetic 
(kev)  electrons  has  been  measured  over  a  wide  range  of  gas  pressures. 
Absolute  fluorescent  efficiencies  of  spectra  from  3,  200  to  11, 000  X  are 
presented  for  air  and  nitrogen  at  both  22  Torr  excited  by  10  kev  electrons 
and  600  Torr  excited  by  50  kev  elec*rons.  At  lower  pressures,  absolute 
intensity  measurements  have  been  made  in  the  form  of  electron  excitation 
cross  sections  for  the  first  negative  and  Meinel  bands  of  The  radiative 
lifetimes  of  the  Meinel  bands  are  also  given. 

The  pressure  dependence  of  the  first  and  second  positive  systems 
of  Nj  and  the  first  negative  and  Meinel  systems  of  has  been  analyzed. 
With  the  exception  of  the  Meinel  bands,  the  Stern-Volmer  collisional 
quenching  mechanism  accurately  describes  the  pressure  dependence  of 
these  systems  in  nitrogen  and  air.  The  Meinel  bands  of  are  produced 
by  several  mechanisms.  One  excitation  process  is  pressure  dependent 
and  effective  only  at  lower  pressures.  The  Stern-Volmer  expression 
describes  the  intensity-pressure  dependence  of  the  Meinel  bands  at  higher 
pressures  where  the  direct  excitation  process  dominates. 

Based  on  the  Stern-Volmer  analysis,  the  absolute  Intensity  of  the 
electron  induced  fluorescence  is  determined  for  various  transitions  of  these 
four  band  systems  for  any  pressure  of  air  or  nitrogen. 
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1.  INTRODUCTION 


The  optical  emissions  from  gases  excited  by  energetic  electrons  are 
characteristic  of  certain  parameters  of  the  gas  and  the  exciting  electrons. 
Defining  the  nature  ot  the  optical  emissions  for  atmospheric  constituents 
excited  by  energetic  electrons  in  a  controlled  laboratory  experiment  is 
necessary  to  understand  and  interpret  ionospheric  radiative  phenomena. 

These  include  natural  aurora  and  airglow  emissions  as  well  as  the  optical 
emissions  associated  with  the  detonation  of  a  nuclear  device. 

As  is  well-known,  thermal  X-rays  constitute  a  large  fraction  of  the 
total  yield  of  an  unshielded  high  altitude  nuclear  weapon.  On  encountering 
the  atmosphere  much  of  the  thermal  X-ray  energy  is  dissipated  in  the  form 
of  electrons  produced  by  the  ionization  of  atmospheric  constituents.  The 
electrons,  in  turn,  excite  certain  molecular  and  atomic  stales  of  the 
atmospheric  gases  which  may  decay  with  the  emission  of  the  optical 
radiation.  This  research  study  was  designed  to  measure  the  absolute 
intensities  of  the  optical  emissions  from  atmospheric  gases  excited  by 
energetic  electrons.  Very  limited  experimental  measurements  have  been 
reported  for  absolute  fluorescent  efficiencies  (the  percentage  of  an  electron's 
total  kinetic  energy  converted  into  optical  radiation).  In  addition,  other 
parameters  such  as  radiative  lifetimes,  quenching  cross  sections  of  the 
atmospheric  gases  and  electron  excitation  cross  sections  are  necessary  to 
extrapolate  from  a  given  experimental  condition  to  other  conditions  of 
pressure  (altitude)  and  incident  electron  energy. 

Presented  in  this  report  are  various  forms  of  absolute  intensity 
measurements  made  with  an  experimental  system  designed  to  provide  high 
beam  currents  of  electrons  with  kilovolt  energy  incident  cn  target  gases 
over  a  wide  range  of  pressures.  The  apparatus  facilitates  the  measurement 
of  absolute  intensities  in  the  two  obvious  cases  (fluorescent  efficiency  and 
excitation  cross  section)  where  absolute  values  of  the  radiance  by  a 
specific  molecular  or  atomic  transition  may  be  described  in  terms  of 


meaningful  parameters.  The  target  gases  were  restricted  to  cither  nitrogen 

air. 


nr 


In  the  thick  target  case,  the  incident  energetic  electron  is  stopped 
within  the  ob:  ervation  region  of  the  target  chamber  and  measurements  of 
absolute  intensity  yield  fluorescent  efficiencies.  Fluorescent  efficiencies 
are  presented  for  the  spectra  observed  in  nitrogen  and  air  at  22  Torr  exerted 
by  10  kev  electrons  and  600  Torr  excited  by  50  kev  electrons.  The  spectra 
were  observed  from  2,000  to  11,000  Angstroms  with  18  Angstrom  resolution. 
Fluorescent  efficiencies  are  presented  for  resolved  spectral  features  from 

3,200  to  11,000  8,  The  band  systems  observed  in  the  nitrogen  thick  target 

3  3  3  3  -t 

case  were  the  second  positive  (C  IT  -*  B  IT  ),  first  positive  (B  TT  -*  A  L 

u  g  r  g  u 

Gaydon-Green  and  Herman  infrared  systems  of  N.  and  the  first  negative 

2  +  ^  2+2 
system  (B  il  -~X  )  of  N'  .  In  addition  the  NO  Y  system  (A  N  —  X  IT) 

u  g  2 

2  +  2  +  2  2  + 
and  CN  violet  (B  1'  -*X  it  )  and  red  systems  (A  IT  —X  i.  )  were  observed 

as  impurities  in  the  target  chamber.  The  spectra  observed  in  the  air  thick 

target  case  consisted  of  the  first  and  second  positive  systems  of  N2»  the 

first  negative  system  of  N^,  the  NO  y  bands  and  some  atomic  spectra  of 

nitrogen,  oxygen  and  argon.  In  addition,  the  fluorescent  efficiency  of  the 

(0-0)  band  of  the  first  negative  system  of  at  3914  R  has  been  measured 

for  a  variety  of  combinations  of  incident  electron  energy  from  10  to  60  kev 


), 


_ i  a. _ a.  _ _  _  — _ ... _ £ _ —  oo  a-  _  n  n  n  'r>  _ _ 

cjiiu  laiytri  yas  pic^^uic  iivjin  to  ouu  ivjii. 


When  the  mean  time  between  collisions  appioaciies  the  lifetime  of 
a  transition,  collisional  quenching  may  compete  with  spontaneous  decay  as 
a  depopulating  mechanism  of  the  excited  species.  Values  oi  the  quenching 
cross  sections  of  the  and  air  are  given  for  the  3914  8  band  and  intense 
transitions  of  the  Nn  first  and  second  positive  systems.  Calculation  of  the 

C A 

collisional  deactivation  cross  section  from  thick  target  measurements  infers 
knowledge  of  the  fluorescent  efficiency  at  low  pressures  where  quenching 
is  an  ineffective  depopulating  process.  In  the  case  of  the  first  and 
second  positive  bands,  tnis  quantity  is  extrapolated  from  the  thick  target 


2 


4- 

measurements.  Tor  the  first  negative  system,  the  low  pressure  fluorescent 
efficiency  is  based  on  several  established  parameters  as  well  as  the  electron 
excitation  cross  section  of  this  experiment. 

In  the  thin  target  case  the  energetic  primary  electron  loses  a  small 

fraction  of  its  energy  in  traversing  the  observation  region  of  the  target 

chamber.  In  this  condition  the  absolute  intensity  measurements  may  yield 

values  for  excitation  cross  sections  providing  primary  electron  excitation 

can  be  distinguished  from  emission  produced  by  secondary  electrons.  The 

_2 

emission  from  nitrogen  in  the  thin  target  case  (5x10  Torr)  excited  by  50  kev 
electrons  has  been  measured  from  2,000  to  11,000  ft.  The  spectra  observed 

includes  the  first  positive,  second  positive  and  Gaydon-lierman  singlet 

2  2+  + 
systems  of  N„,  the  first  negative  and  Meinel  (A  TT  *X  X  )  system  of  N„ 

2  g  g  2 

and  several  atomic  transitions  of  nitrogen.  Lxcitation  cross  sections  have 
been  measured  for  the  (0-0)  band  of  the  first  negative  system  and  the  (2-0), 
(1-0)  and  (0-0)  bands  of  the  Meinel  system.  Additional  measurements  of 
the  (2-0),  (1-0)  and  (0-0)  Meinel  bands  have  determined  quenching 
cress  sections  and  radiative  lifetimes  for  these  transitions. 

The  first  negative  and  Meinel  systems  of  and  the  first  and 
second  positive  systems  of  are  among  the  most  intense  atmospheric 
emissions.  Fluorescent  efficiencies  for  electron  excitation,  radiative 
lifetimes  and  the  quenching  cross  sections  of  the  atmospheric  constituents 
ate  parameters  essential  for  the  interpretation  of  excitation  conditions. 
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2.  EXPERIMENTAL  APPARATUS 


The  experimental  facility  used  to  record  the  data  presented  in  this 
report  was  developed  under  a  previous  contract. 1  An  abbreviated  description 
of  the  basic  experimental  system  is  repeated  here  with  subsequent  modifica¬ 
tions.  Previous  publications  contain  a  more  detailed  description  of  the  expen- 

1  1 
mental  apparatus  and  also  initial  values  for  absolute  fluorescent  efficiencies  ^ 

which  have  been  essentially  confirmed  by  subsequent  measurements. 

The  system  has  been  designed  to  measure  the  absolute  emission 

from  various  gases  and  gas  mixtures  excited  by  electrons.  Differentially 

pumped  nozzles  are  used  to  provide  monoenergetic  electrons  incident  on  the 

target  gas.  The  maximum  system  operating  conditions  are  10  ma  beam  current, 

60  kev  beam  energy  and  1  atmosphere  of  air  or  nitrogen  target  cnamber  pressure. 

Figure  1,  a  doubly  exposed  photograph  of  the  differential  pumping  system, 

shows  a  fluorescing  volume  extending  slightly  outside  the  observable  region 

of  the  target  chamber.  The  beam  energy  is  variable  down  to  approximately 

3  kev  with  a  significant  decrease  in  target  chamber  beam  current  due  to 

electron  gun  defocussing  effects.  The  minimum  target  pressure  used  in  the 

,  -4 

present  measurements  was  10  Torr  attained  by  removing  two  of  the  three 
differentially  pumped  nozzles  used  in  the  high  target  pressure  studies. 

2 .  1  Electronic  System 

The  electron  gun  was  similar  to  the  type  used  in  Van  de  Graaf 
accelerators.  A  series  of  seven  electrodes  supplied  by  a  voltage  divider 
network  accelerate  and  focus  the  electron  beam.  At  the  output  of  the  gun 
assembly  a  magnetic  lens  reduced  the  natural  focal  length  of  the  electron 
beam  as  determined  Ky  the  focussing  electrodes. 

The  electron  gun  cathode,  a  hairpin  tungsten  filament,  was  operated 
at  a  maximum  of  60  kv  negative  potential.  A  30  amp  dc  filament  supply, 
extraction  voltage  supply  and  pulser  network  rested  on  an  insulated  shielded 
table  and  were  supplied  by  a  3  kva  isolation  transformer  as  shown  in  Figure  2 
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DOUBLY  EXPOSED  PHOTOGRAPH  OF  EXPERIMENTAL 

APPARATUS 
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Figure  2 


BLOCK  DIAGRAM  OF  EXPERIMENTAL  SYSTEM 


The  electron  beam  was  modulated  by  a  control  grid.  In  one  operating  mode, 
the  pulse  to  the  control  element  was  supplied  by  a  strobe  which  was  outside 
the  insulated  shielded  table  and  detected  by  a  phototube  on  the  table.  The 
phototube  output  triggered  a  pulse  generator  that  controlled  the  duty  cycle 
and  amplitude  of  the  modulated  electron  beam.  The  primary  frequency 
generator  was  a  precision  variable  oscillator  which  triggered  the  strobe  and 
provided  the  reference  signal  for  a  synchronous  detection  system.  This 
operating  mode  was  limited  to  frequencies  of  less  than  450  Hz,  the  maximum 
strobe  pulse  rate. 

Another  operating  mode  was  used  at  frequencies  greater  than  450  Hz 
and  was  an  alternative  to  the  strobe  technique  at  lower  frequencies.  In  this 
mode  the  pulse  generator  was  internally  triggered.  The  beam  pulse  collected 
in  the  target  chamber  or  on  one  of  the  differentially  pumped  nozzles  was  used 
as  a  reference  signal  for  the  synchronous  detection  system. 

Two  pairs  of  Helmholtz  coils  were  located  beyond  the  electron  gun 
system  in  the  region  of  the  low  pressure  chamber.  These  provided  horizontal 
and  vertical  beam  deflection  to  aid  in  the  alignment  of  the  electron  beam. 

2 . 2  Pumping  System 

The  electron  beam  system  described  here  used  the  technique  of 
differentially  pumped  chambers  tc  allow  passage  of  the  electron  beam  from 
the  gun  to  a  high  pressure  target  chamber  without  traversing  window  material. 

3 

The  system  described  here  was  similar  to  that  of  Grun  .  The  design  param- 

4 

eters  have  been  discussed  by  Schumacher  . 

This  system  was  composed  of  three  differentially  pumped  chambers 
between  the  electron  gun  and  the  target  chamber.  Chamber  1  (Figure  3)  was 
pumped  by  an  NRC  Equipment  Corporation  HS4-750  Type  161  diffusion  pump 
with  a  maximum  pumping  speed  of  750  liters/sec  unbaffled.  Chamber  2  was 
pumped  by  an  NRC  Equipment  Corporation  B-4  booster  pump  Type  126B  with  a 
maximum  pumping  speed  of  240  liters/sec  unbaffled,  and  Chamber  3  by  an 
F.  J.  Stokes  Corporation  212N  microvac  pump  with  a  pumping  speed  of  140 
cfm  unbaffled.  An  individually  thermostated ,  optically  opaque,  cold  trap 
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Figure  3 


was  maintained  at  -20°!'  by  a  freon  refrigeration  system  between  each  pump 
and  the  vacuum  system. 

The  difterentially  pumped  nozzles  were  attached  to  movable  teflon 
supports  as  shown  in  l’igure  3.  These  were  driven  horizontally  and  vertically 
by  vernier  drive  screws,  controlled  outside  the  chambei .  This  allowed  for 
alignment  of  the  nozzle  system  to  maximize  the  beam  current  entering  the 
target  chamber. 

-4 

The  nozzle  design,  ITgure  4,  maintained  a  pressure  of  1  x  10  Torr 
in  the  gun  chamber  with  800  Torr  of  air  or  N  m  the  target  chamber.  The 
maximum  operating  pressure  m  the  gun  chamber  was  limited  by  high  voltage 
breakdown  and  reasonable  cathode  life.  Tor  low  pressure  thin  target  studies, 
a  single  nozzle  was  used  to  increase  the  beam  current  entering  the  target 
chamber  and  to  increase  target  chamber  pumping  speed.  The  higher  pumping 
speed  reduced  contaminants  from  residual  gases  and  facilitated  target 
pressure  control.  A  Granville-l’hillips  Company  variable  leak  was  used  to 
regulate  target  gas  pressure. 

2 . 3  Target  Chamber 

The  stainless  steel  target  chamber  was  11  inches  in  length  by  8  inches 
in  diameter.  The  4x10  inch  window  was  either  lead  glass,  pyrex,  quartz 
or  arsenic  trisulfide  depending  upon  the  wavelength  region  of  interest.  The 
chamber  was  electrically  isolated  and  used  as  a  Faraday  cup  to  measure 
beam  current.  A  pump  port  on  the  target  chamber  allowed  rapid  rough-out 
of  the  system  by  the  mechanical  pump.  Internal  target  chamber  design 
differed  in  the  thick  and  thin  target  cases.  Details  are  described  in  sub¬ 
sequent  sections. 

2 . 4  Monitoring  and  Detection  System 

The  target  chamber  pressure  was  measured  by  a  Wallace  and  Tiernan 

Gauge  (5  to  800  Torr)  or  an  NRC  Equipment  Corporation  "Alphatron"  Gauge 
-4  +4 

(10  to  10  Torr).  The  gauges  were  consistent  within  five  percent  in  the 
overlap  pressure  range. 


9 


CONFIGURATION  OF  THE  NOZZLES  SEPARATING 

THE  CHAMBERS 
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Figure  4 


The  pulsed  beam  current  striking  each  nozzle  was  monitored  through 
a  leakage  resistor  bv  an  oscilloscope .  This  aided  in  the  initial  alignment  of 
the  nozzles  for  maximum  beam  current  in  the  target  chamber.  Thermistors 
monitored  the  temperature  of  the  copper  nozzles  and  under  the  usual  operating 
conditions  the  duration  of  system  operation  was  unlimited. 

The  radiation  emitted  by  the  target  gas  was  spectrally  analyzed  by  a 
one  meter  Macl’herson  f/10.0  scanning  grating  monochromator  of  the  Czerny 
Turner  design.  For  the  data  presented  here,  1200  line/mm  Bausch  and  bomb 
gratings  blazed  at  either  7500  R  or  3000  R  were  used  in  the  monochromator. 
Diffraction  orders  were  separated  by  Corning  filters.  The  detectors  used  at 
the  exit  slit  of  the  monochromator  were  an  EMI  6256  photomultiplier  with 
S - 1 3  response,  an  RCA  6199  photomultiplier  with  S-ll  response  and  a 
liquid  nitrogen  cooled  RCA  7102  photomultiplier  with  S-l  response. 

The  modulated  electron  beam  fluorescence  was  measured  by  a  phase 
sensitive  amplifier  (Princeton  Applied  Research  Model  JB-4)  and  recorded  by 
a  dual  channel  strip  chart.  The  second  channel  was  used  to  record  either 
the  electron  beam  current  or  a  fluorescence  monitor  Signal  as  provided  by  a 
second  phase  sensitive  amplifier.  The  fluorescence  monitor  consisted  of 
an  optical  interference  filter  mounted  on  a  photomultiplier. 

A  10-20%  duty  cycle  was  normally  used  with  the  electron  beam  pulse 
to  maximize  the  ratio  of  power  in  the  fundamental  frequency  to  total  power 
in  the  beam.  This  minimized  the  general  heating  effect  in  the  system  for  a 
yiveu  signal  as  recorded  through  the  narrow  band  phase  sensitive  system. 
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3.  THICK  TARGET  CONDITIONS 


The  thick  target  studies  measured  the  optical  emissions  excited  by 
energetic  elections  stopped  within  the  field  of  view  of  the  target  chamber. 

With  the  present  chamber,  this  requirement  limits  the  range  of  the  incident 
electron  to  10  cm  or  less.  Figure  5,  a  photograph  of  thick  target  fluorescence, 
illustrates  that  the  fluorescing  volume  approximates  a  sphere.  The  two  thick 
target  cases  considered  aie  10  kev  electrons  incident  on  air  and  nitrogen  at 
22  Torr  and  50  kev  electrons  incident  on  air  and  nitrogen  at  600  l'orr.  Abso¬ 
lute  fluorescent  efficiencies  have  been  previously  presented  for  50  kev 

2 

electrons  incident  on  air  and  nitrogen  at  600  Torr.  Remeasurernents  have 

2 

essentially  confirmed  the  absolute  fluorescent  efficiencies  initially  reported 
with  revised  values,  on  the  order  of  10  to  20  percent,  for  some  transitions. 

3 .  1  Target  Chamber 

The  target  chamber  used  in  the  thick  target  case  is  shown  in  Figure  6. 
Since  the  electron  beam  >s  stopped  within  a  10  cm  sphere,  the  electrons  are 
not  collected  by  the  walls  of  the  chamber.  A  thin  copper  disc  with  an  open¬ 
ing  slightly  larger  than  the  electron  beam  entrance  opening  was  mounted  on 
the  copper  plate  containing  the  entrance  hole.  The  disc  was  isolated  from 
the  plate  by  a  thin  film  of  Teflon.  This  surface  was  one  of  two  electron 
collecting  surfaces.  The  second  surface,  an  innovation  since  the  earlier 
reports,  consisted  of  a  movable  copper  disc  controlled  outside  the  chamber 
by  means  of  rotary  seal.  When  spectra  was  being  observed,  the  movable 
plate  was  withdrawn  outside  the  range  of  the  incident  electrons.  In  order 
to  measure  the  absolute  beam  current  incident  on  the  target  gas,  the  movable 
plate  was  positioned  within  1  cm  of  the  non-inovable  disc.  In  this  position 
the  incident  electro?:  earn  strikes  the  movable  copper  plate.  The  two 
collecting  surfaces  which  are  separated  by  a  small  fraction  of  the  incident 
electron  range  collect  all  of  the  electrons  incident  on  the  target  gas.  The 
difference  in  beam  current  measured  with  the  movable  plate  in  its  two 
extreme  positions  is  a  function  of  the  relative  hole  diameters  of  the  differ¬ 
entially  pumped  plate  and  the  teflon  isolated  collecting  plate,  a  function  of 
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the  electron  range  and  also  the  target  gas.  For  the  50  kev,  600  Tonr  case  the 
difference  in  the  total  measured  beam  current  with  the  movable  plate  in  its 
extreme  positions  is  approximately  a  factor  of  two.  In  the  recent  measure¬ 
ments,  with  the  movable  plate  beyond  the  electron  range  about  half  the 
incident  electrons  are  lost  either  to  the  differentially  pumped  plate  or 
through  the  opening.  The  total  measured  beam  current  is  essentially  constant 
for  a  given  energy  from  thin  target  (range  of  the  electron  very  large  compared 
to  the  target  chamber  dimensions)  to  thick,  target  (range  of  the  electron  less 
than  10  cm)  conditions.  All  surfaces  within  the  target  chamber  were  painted 
black  to  minimize  reflections  such  as  observed  on  the  unpainted  surfaces  in 
Figure  5.  Ihe  constant  relative  intensities  of  the  band  systems  recorded 
before  and  after  the  paint  was  applied  ensured  the  paint  was  ineffective  as 
a  target  gas  contaminant. 

3 . 2  Procedure 

3.2.1  Recording  Spectra 

The  spectra  presented  from  2,000  X  to  11,000  X  were  recorded  with 
the  monochromator  aligned  with  the  center  of  the  fluorescing  volume.  The 
f/  10  monochromator  was  positioned  such  that  the  field  of  view  was  slightly 
underfilled.  This  ensured  that  the  total  fluorescing  region  was  observed 
with  a  slight  sacrifice  in  solid  angle  collecting  efficiency.  The  2,000  to 
11,000  X  spectra  were  recorded  in  three  segments.  The  3,200  to  6,000  X 
region  was  recorded  with  an  RCA  6199  photomultiplier  with  S-ll  response 
and  the  5,000  to  11,000  X  region  with  a  liquid  nitrogen  cooled  RCA  7102 
photomultiplier  with  S-l  response.  The  low  wavelength  limit  was  extended 
to  2000  X  by  using  an  S - 1 3  EMI  6256  photomultiplier  with  a  1200  line/mm 
Bausch  and  Lomb  grating  blazed  at  3000  X.  The  wavelength  region  observed 
with  this  grating-photomultiplier  combination  ranged  from  2,000  to  5,000  X. 
The  1200  line/mm  Bausch  and  Lomb  gratings  used  m  the  monochromator  with 
2.0  mm  slits  resulted  in  an  effective  spectral  slit  width  of  18  X.  The 
relative  spectral  response  of  each  detection  system  was  measured  with  a 
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standard  tungsten  filament  lamp.  For  wavelengths  below'  3200  8  the  system 
spectral  response  is  less  certain  due  to  an  increasing  uncertainty  in  the 
standard  lamp  intensity.  Below  2500  8,  the  lowei  limit  of  the  standard  lamp 
calibration,  the  system  response  was  based  on  a  calibration  technique  using 
sodium  salicylate  as  a  constant  quantum  detector. 


3.2.2  Ultraviolet  Calibration  Technique 

The  experimental  set  up  for  the  ultraviolet  calibration  procedure  is 
shown  in  Figure  7.  The  ultraviolet  source,  a  discharge  tube  producing  the 
hydrogen  continuum,  illuminated  the  entrance  slit  of  the  calibration  mono¬ 
chromator.  In  effect,  the  ultraviolet  source-calibration  monochromator 
system  functioned  as  a  continuously  variable  monochromatic  source  with  a 
line  width  of  approximately  20  8.  A  beam  splitter  at  the  exit  slit  of  the 
calibration  monochromator  divided  the  emerging  beam  between  a  sodium 
salicylate  coated  photomultiplier  and  the  entrance  slit  of  the  system  to  be 
calibrated.  The  beam  splitter  consisted  of  two  front  surface  aluminum 
mirrors.  The  intensities  of  the  split  effective  line  source  were  recorded  by 
a  dual  channel  strip  chart  for  a  series  of  wavelengths  from  2,000  to  3,000  8. 
The  relative  response  of  the  system  to  be  calibrated  was  calculated  based 
on  the  relative  intensity  of  the  effective  source  as  measured  by  the  coated 
photomultiplier,  assuming  constant  quantum  efficiency  for  the  sodium 
salicylate  phosphor.  However,  the  ultraviolet  radiation  incident  on  the 
MacPherson  monochromator  may  have  been  partially  polarized.  Polarization 
may  occur  both  in  the  calibration  grating  monochromator  and  at  the  beam 
splitter.  In  addition,  the  degree  of  polarization  is  a  function  of  wavelength. 
Since  the  grating  efficiency  of  the  system  under  calibration  is  a  function  of 
the  degree  of  polarization  of  the  incident  radiation,  the  measured  relative 
response  is  3  unique  <~35c  for  the  giver,  calibrating  source  polarization. 
Grating  polarizing  effects  are  conventionally  described  by  intensity 
magnitudes  in  two  orthogonal  directions,  parallel  and  perpendicular  to 
the  grating  rulings.  However,  rotating  the  MacPherson  monochromator  ninety 
degrees  about  its  entrance  slit  optic  axis,  reverses  the  intensity  vectors  of 
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EXPERIMENTAL  ARRANGEMENT  TO  MEASURE 
UV  SYSTEM  SPECTRAL  RESPONSE 
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Figure  7 
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the  incident  polarized  radiation  with  respect  to  the  Macl'herson  grating 
rulings.  In  Figure  8,  A  and  B  are  defined  as  the  relative  system  response  .n 
the  two  mutually  orthogonal  monochromator  positions  to  the  same  partially 
polarized  source.  The  relative  response  in  position  A  and  B  differ  by  as 
much  as  35%.  Also  shown  in  Figure  8  is  the  relative  response  of  the  system 
above  2500  R  as  measured  with  the  standard  tungsten  lamp.  The  relative 
responses  for  these  three  cases  have  been  arbitrarily  normalized  at  2800  R. 
The  relative  system  response  to  unpolarized  radiation,  C,  may  be  described 
by 

[  (K1  A)2  +  B2]1/2  =0  =  K2D 

where  D  is  the  relative  response  measured  by  the  standard  tungsten  lamp 
and  Kj  and  are  constants  to  correct  for  the  arbitrary  normalization  at 
2800  R.  Since  A,  B  and  D  are  known  for  several  wavelengths  and  K2  may 
be  found  by  simultaneous  equations.  The  relative  system  response  to  an 
isotropic  source  measured  directly  with  the  standard  lamp  and  indirectly 
with  the  partially  polarized  effective  line  source  show  maximum  discrepancies 
of  the  order  of  15  percent. 

3.2.3  Absolute  Fluorescent  Efficiency 

The  relative  integrated  intensity  of  each  resolvable  spectral  feature 
was  determined  from  the  relative  intensity  data  by  graphical  integration 
with  a  polar  planimeter.  Determining  the  absolute  fluorescent  efficiency 
for  a  single  transition  defined  the  absolute  fluorescent  efficiencies  for  all 
spectra  from  2,000  to  1 1 ,  000  R  since  the  relative  ntegrated  intensities 
were  known.  An  intense  section  of  the  fluorescing  spectra  was  observed 
with  a  bandpass  interference  filter  mounted  on  a  photomultiplier.  The 
photomultiplier  was  positioned  several  meters  from  the  fluorescing  gas  to 
approximate  conditions  of  point  source  illumination.  The  absolute 
responsivity  of  the  photomultiplier  and  filter  was  measured  with  a  standard 
tungsten  lamp  calibrated  by  the  National  Bureau  of  Standards.  Knowing  the 
transmission  of  the  filter  to  the  observed  spectra,  incident  electron  energy 
and  electron  beam  current  and  assuming  the  radiating  gas  approximated  an 
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isotropic  point  source,  the  absolute  fluorescent  efficiency  was 
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Results  and  Discussion 

The  spectra  observed  from  2,000  to  10 


,  f\  ft  i  n  4  l.  ,  i  £ , — ,  |  §  j — j  •  . 

uyy  r\  ui  mu  Iwuf  CJCi 


penmental 


cases  considered  are  presented  in  Figures  9  through  12.  The  spectra  were 
observed  with  an  effective  spectral  slit  width  of  18  X  with  a  scan  speed  ot 
100  X/minute.  The  relative  intensity  profiles  have  been  normalized  to  a 

4 

maximum  intensity  of  10  in  each  case. 


Absolute  fluorescent  efficiencies  are  presented  m  Table  1  for  each 
resolved  spectral  feature  from  3,200  to  10,600  X.  Absolute  fluorescent 
efficiencies  are  not  presented  for  the  2,000  to  3,200  X  region.  The  intensity 
of  the  NO  y  bands,  the  dominant  radiator  in  this  wavelength  region,  is  a 
complex  function  of  several  parameters.  Until  the  relationships  of  these 
several  parameters  are  established  in  a  controlled  experiment,  absolute 
fluorescent  efficiencies  are  of  little  value. 


The  NO  y  bands  were  readily  observed  in  nitrogen  (O  present  as  an 
impurity)  and  air  at  both  target  pressures  studied.  The  manufacturer’s 


analysis  of  the  N^  supply,  Airco  prepurified  tagged  nitrogen,  showed  an 
O^  impurity  of  0.9  PPM  and  a  dew  point  of  -70°C.  Previously,  an 
independent  analysis  of  a  similar  cylinder  from  the  same  manufacturer 


showed  an  impurity  level  of  less  than  4  PPM.  In  addition,  a  sample 
from  the  target  chamber  showed  no  measurable  difference  from  a  sample 
taken  directly  from  the  cylinder.  Thus  the  O^  impurity  level  of  the  target 
gas  appears  to  be  limited  by  the  gas  supply. 


Of  the  spectra  observed,  this  band  system  is  unique  in  that  the 
intensity  is  not  direct. y  proportional  to  the  electron  beam  current.  Figures 
13  and  M  show  that  in  both  air  and  nitrogen  the  NO  y  intensity,  1  (NO  y) , 
may  be  described  by  the  expression 

I  (NO  y)  =  KJ1,  5 

where  K  is  a  constant  and  J  is  the  electron  beam  current.  Figure  14  indicates 
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Figure  9a 


FLUORESCENCE  OF  N*  AT  6OOT0RR  EXCITED  BY  50k*V  ELECTRONS 


FLUORESCENCE  OF  Ng  AT  22  TORR  EXCITED  BY  iOkeV  ELECTRONS 


Spectral  Fluorescent  Efficiencies  of  \'itrogen  end  Air 


TABLE  ! 

Spectral  Fluorescent  Efficiencies  of  Nitrogen  and  Air 


.28 


600  Torr  Excited  by  50  keV  Electrons  22  Torr  Excited 


Spectral  Fluorescent  Efficiencies  of  Nitrogen  and  Air 
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Spectra]  Fluorescent  Efficiencies  of  Nitrogen  and  Air 


Spectral  Fluorescent  Efficiencies  of  Nitrogen  and  Air 


7435  N  KIR  (2-1) 
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Spectral  Fluorescent  Efficiencies  of  Nitrogen  and  Air 


^Fluorescent  efficiency  of  the  given  spectra  exclusive  of  any  adjacent  or  overlapping  spectra  indicates  the  giver,  band  or  line 
was  not  observed. 


INTENSITY  (arbitrary  units) 


NO  y  (0-3)  INTENSITY  IN  AIR 

HO  PPM  HgO,  10%  ELECTRON  BEAM  DUTY  CYCLE 


ELECTRON  SEAM  CURRENT  (ua) 
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Figure  13 


INTE.N 
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Figure  14 


that  above  several  microamps  of  electron  beam  current  the  NO  y  intensity  in 
nitrogen  increases  at  a  less  than  linear  rate  with  electron  beam  current.  An  order 
of  magnitude  calculation  suggests  this  effect  is  due  to  the  limited  available. 

Figure  15  compares  the  intensity  of  the  NO  y  (0-3)  band  and  the  N^ 

2P  (2-0)  band  in  air  as  a  function  of  the  electron  beam  duty  cycle.  Measure¬ 
ments  indicate  the  intensity  of  the  second  positive  bands  is  directly  pro¬ 
portional  to  the  electron  beam  current.  The  intensity  of  the  second  positive 
band  has  been  used  as  a  measure  of  the  amplitude  of  the  fundamental 
harmonic  (signal  measured  by  the  narrow  band  phase  sensitive  amplifier)  of 
the  pulsed  electron  beam.  Thus  comparing  the  N'0  y  band  as  a  function  of 
duty  cycle  to  the  N„  2P  band,  in  effect  is  a  measure  of  the  ratio  of  the 

t. 

amplitudes  of  the  fundamental  frequency  of  the  NO  y  emission  and  the 
electron  beam.  The  slope  of  Figure  15  supports  the  beam  current  dependence 
established  in  Figure  13. 

When  the  emission  in  air  was  observed,  the  addition  of  a  -78°C 
cold  trap  on  the  gas  supply  increased  the  intensity  of  the  NO  y  emission. 

The  cold  trap  was  located  close  to  the  gas  supply  and  after  cooling  the 
target,  gas  passed  through  a  20  foot  length  of  copper  tubing  to  allow  the  gas 
to  revert  to  room  temperature.  This  ensured  that  the  effects  of  the  cold 
trap  were  due  to  the  removal  of  a  condensable  impurity,  presumably  water 
vapor,  rather  than  gas  kinetics  due  to  a  reduced  molecular  velocity.  The 
addition  of  a  water  bubbier  to  the  an  supply  line  reduced  the  NO  y  emission. 

Thus  at  pressures  of  from  22  to  600  Torr,  water  vapor  is  an  effective  quencher 
of  the  NO  y  bands.  In  order  to  control  the  water  vapor  present,  the  air 
spectra  were  recorded  with  a  -78°C  cold  trap  on  the  gas  supply.  Assuming 
the  target  gas  approached  the  temperature  of  the  cold  trap,  water  vapor  was 
present  in  the  target  gas  with  a  concentration  of  1  -  10  PPM. 

In  order  to  compare  the  intensity  of  NO  y  bands  in  the  four  cases. 

Figures  13  and  14  were  used  to  reduce  the  intensity  to  a  standard  electron 
beam  current  arbitrarily  established  as  one  microamp.  Table  11  presents  the 
relative  intensity  of  the  NO  y  (0-n)  progression  for  the  four  experimental  cases. 
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INTENSITY  NO  y  (0-3) 


NO  y  VS  Ng  2 P  RELATIVE  INTENSITY 
AS  A  FUNCTION  OF  ELECTRON  BEAM  DUTY  CYCLE 

AIR  AT  600  TORR,  50  keV  ELECTRONS 


INTENSITY  Nj,  2P(2  0) 
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Figure  1 S 


TABLE  II 


NO  v  (0-n)  RELATIVE  INTENSITIES  TOR  I  BEAM  CURRENT 
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The  intensities  of  the  NO  y  bands  In  air  are  reduced  by  the  quenching  effect 

of  several  atmospheric  constituents  in  addition  to  water  vapor.  Dondes, 

Hartech  and  Kunz^  have  observed  NO  v  emission  excited  by  alpha  particles 

in  nitrogen  at  atmospheric  pressure  with  varying  O^  concentrations.  They 

conclude  NO  y  emission  is  maximized  when  the  O  concentration  is  500  PPM 

and  above  this  level  O^  acts  as  an  effective  quencher.  Young  and  Sharpless 

have  determined  that  the  atmospheric  constituents  C02  and  N^O  quench  NO  y 

emission  in  accord  with  the  Stern-Valmer  mechanism.  Stem-Volmer  quenching 

assumes  that  the  excitation  process  is  independent  of  pressure  and  colli- 

sional  deactivation  is  described  by  e.n  expression  of  the  form: 

1=1  (1  +  K  v  r  <7  P)”1 

o 

where  I  is  the  intensity  of  emitted  radiation,  I  the  intensity  at  a  pressure 
low  enough  to  exclude  quenching,  K  a  proportionally  constant,  v  the  average 
velocity  of  the  colliding  molecules,  t  the  lifetime  of  the  excited  species, 
cr  the  cross  section  of  the  quenching  molecule  and  P  the  partial  pressure  of 
the  quenching  molecule.  Comparing  the  NO  y  intensity  of  Table  2  in  air 

2 

at  22  and  600  Torr  indicates  the  intensity  increases  by  a  factor  of  4  x  10 

in  going  to  the  lower  pressure.  Since  the  Stem-Volmer  two  body  mechanism 

implies  a  maximum  increase  of  27  (600/22),  this  expression  does  not 

describe  the  NO  y  quenching  in  air.  The  increase  in  intensity  of  a  factor 

2 

of  400  is  in  fair  agreement  with  the  square  of  the  pressure  ratio  (27  =  720). 
The  decrease  in  intensity  from  N2  to  air  by  a  factor  of  2  x  10  at  600  Torr  is 
also  in  reasonable  agreement  with  a  quadratic  pressure  effect.  This  suggests 
the  dominant  quenching  mechanism  in  air  in  this  pressure  range  may  be 
three  body  collisions. 

3.3.2  N  First  Negative  System 

In  addition  to  the  fluorescent  efficiencies  presented  in  Table  I, 
values  have  been  determined  for  many  combinations  of  incident  electron 
energy  and  nitrogen  gas  pressure  from  10  to  60  kev  and  22  to  300  Torr, 

The  data  points  presented  in  Tigure  16  summarize  and  indicate  the  range  of 
many  more  experimental  points.  To:  a  given  electron  energy  the  fluorescent 
efficiency  was  measured  with  the  target  gas  pressure  varied  to  change  the 
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electron  range  from  approximate  ly  3  to  10  cm.  The  linear  relationship  of 
Figure  16  suggests  that  both  the  fluorescent  efficiency  is  independent  of 
electron  energy  and  the  Stern-Volmcr  mechanism  describes  the  quenching 
process  of  the  3914  R  emission.  Figure  14  may  be  analyzed  in  terms  of  the 
Stern-Volmer  expression  of  the  form 

2 1 

1  =  __1 _  {1  +  2.2x10  tf  t  p) 

e  €o 

where  e  is  the  fluorescent  efficiency  at  any  pressure,  eQ  the  fluorescent 
efficiency  at  low  pressure  where  quenching  is  an  insignificant  depopulating 
process,  a  the  deactivation  cross  section  of  the  neutral  nitrogen  molecule 
in  cm^,  t  the  lifetime  of  the  3914  R  band  in  seconds  and  P  the  pressure  in 
Torr.  As  discussed  in  the  thin  target  results,  electron  excitation  cross 
section  measurements  of  the  3914  R  band  together  with  other  experimental 

+  -3 

evidence  indicate  that  in  nitrogen  e  is(6.0-1.0)xl0  for  excitation 

o 

by  electrons  with  an  energy  of  several  hundred  ev  or  more.  The  lifetime  of 

O  7  B 

the  3914  A  band  has  been  measured  by  Bennett  and  Dalby  ;  Fink,  and  Welge  ; 

Sebacher^;  Jeunehomme1^;  Fowler  and  Holzberleln* 1  and  Hesser  and 
12 

Dressier.  The  experimental  results  are  summarized  *  Table  III.  The 
value  of  Bennett  and  Dalby  has  been  used  to  calculate  collislonal  deactiv¬ 
ation  cross  sections.  With  these  values  for  e  and  t.  Figure  16  results 

°  +  -152 

in  a  N£  collislonal  deactivation  cross  section  of  5.9  -  1.4  x  10  cm  . 


Measurements  similar  to  those  presented  In  Figure  16  have  been 
made  in  air.  In  the  pressure  range  of  20  to  800  Torr  the  efficiency  for 
production  of  the  3914  R  band  in  air  is  reduced  by  a  constant  factor  of  1 . 7 
from  the  value  at  the  corresponding  pressure  in  nitrogen.  Quenching  ot  the 
3914  R  band  is  examined  In  air  by  an  expression  of  the  form 


1 


1 


21 


e  (alrl 


[  1  +  2.  2.  10  t  (<r 


n2pn2 


+  a 


°2  r°2 


o(air) 

where  It  Is  assumed  deactivation  In  air  is  caused  by  coupons  with  either 
^2  °r  va*ue  e0  air  iS  esttmate<*  to  be  0.76  the  value  In  N^. 

This  estimate  Implies  and  N2  are  almost  equally  eflic.ent  in  absorbing  the 
kinetic  energy  of  the  high  energy  primary  electron  as  well  as  the  less 
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TAB1.L  ill 


N*  FIRST  N LGATIVL  (0-0)  HAND  UFIITIML  M  EA5U  REM  11NTS 


Experimenter 
Bennett  &  Dalby 
Fink  <5.  Welge 
Sebacher 
j  eunehomme 
Fowler  &  Holzbcrlein 
Hesser  and  Dressier 


I.itetime 

6.58-  0.35  x  10  ^  seconds 

4  -8 

4 . 5  -  0 . 4  x  10  seconds 

-i  -8 

6.5  -  0.2  x  10  seconds 
7. 15  -0.4x10  ^  seconds 

4  -8 

8.2  -  0.8  x  10  seconds 

4  —  rt 

5.9  -  0.G  x  10  seconds 


46 


energetic  higher  order  electrons.  This  interpretation  is  supported  by  the 

totai  ionization  cross  sections  for  G  and  N  under  electron  impact.  Tate 
13  2  2 

and  Smith  present  total  ionization  cross  sections  for  O0  and  N  that  differ 

2  c 

by  less  than  5  percent  for  electrons  with  energy  of  up  to  750  ev.  The  more 

1  4 

recent  results  of  Schram  et  al  reporting  a  15  percent  larger  ionization 

cross  section  for  O  than  N  have  been  used  to  estimate  r  in  air.  With  a 
2  2  -3  +  °  _  1 5  9 

value  of  t  in  air  of  4.6  x  10  and  using  (5.9-1.4)xl0  cm""  for  the 

N9  quenching  cross  section,  the  air  fluorescent  efficiencies  result  m  an 

+  - 1 4  2 

U0  quenching  cross  section  of  1.4  -  1.0  x  10  cm  . 

The  quenching  cross  sections  of  N  and  in  some  cases  O0  for  the 

3914  X  band  have  been  measured  by  Brocklehurst  and  Downing  ,  Jeunehomme 
16  17 

Hirsh  et  al  and  Brocklehurst  .  The  summarized  results,  presented  in 
Table  IV,  show  reasonable  agreement  with  the  exception  of  Jeunehomme's 
value.  In  Jeunehomme's  experiment  the  quenching  cross  section  was 
measured  by  observing  the  decrease  of  the  apparent  lifetime  of  the  3914  X 
fluorescence  with  increasing  pressure  in  a  modulated  rf  discharge. 
Jeunehomme  has  suggested  that  the  unusually  large  collisional  deactivation 
cross  section  might  be  due  to  quenching  by  species  in  the  discharge  other 
than  ground  state  N^.  18 

The  rotational  temperature  of  the  3914  8  band  has  been  measured  in 

*  -2 
nitrogen  and  air  at  target  gas  pressures  ranging  from  approximately  3x10 

to  6  x  10  2  Torr.  The  data  presented  in  Figure  17  summarize  and  indicate  the 

range  of  the  experimental  results.  For  a  given  pressure  there  was  no 

measurable  difference  in  the  rotational  temperatures  in  air  and  nitrogen.  At 

a  target  gas  pressure  of  10  Torr  the  rotational  temperature  was  measured  as 

a  function  of  the  electron  beam  current  and  monochromator  field  of  view. 

With  a  beam  current  of  several  miiliamps  and  the  field  of  view  limited  to  a 

volume  less  than  1  cm  from  the  electron  beam  entrance  hole,  an  effective 

rotational  temperature  of  approximately  375°K  was  observed.  When  the 

field  of  view  was  shifted  to  exclude  this  region  of  maximum  current 

density  the  measured  rotational  temperature  decreased  to  approximately 
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tabu:  iv 


COLLISION^}.  DEACTIVATION  CROSS  SECTIONS  FOR  THE 
N*  FIRST  NEGATIVE  (0-0)  BAND 

Experimenter3  Quenching  Molecule 


z 

°2 

/  ,  -.-15  2. 

(x  10  cm  ) 

- 1  5  2 

(x  10  cm 

Jeunehomme 

34 

Brocklehurst  &  Downing 

5.9  -  2. 2 

Hirsh  et.  al. 

6.9  -  1.0 

12.3-2.1 

Brocklehurst 

6.0  -  3.0 

5.6-  2.8 

This  experiment 

5.9-  1.4 

14  -  10 

d]n  calculating  the  collisions!  deactivation  cross  section,  all  experimenters 

^  —  8  Q 

have  used  a  value  of  6.  SB  -  0. 35  x  10  seconds  for  the  3914  X  band  lifetime. 
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ROTATIONAL  TEMPERATURE  OF  N2  (39I4A5 


360°K.  Decreasing  the  beam  current  by  an  order  of  magnitude  resulted  in  a 
360°K  rotational  temperature  both  in  the  field  of  view  restricted  to  the  region 
of  the  beam  entrance  aperture  and  the  larger  field  of  view  excluding  the 
entrance  aperture.  Thus,  a  slight  thermal  heating  effect  was  detectable 
at  the  beam  entrance  aperture  with  high  (ma)  beam  currents . 

The  increase  in  rotational  temperature  observed  in  Figure  17  occurs 
over  a  pressure  lange  where  the  excitation  conditions  shift  from  a  thin  to 
a  thick  target.  In  the  low  pressure  thin  target  case  the  excitation  is  due 
to  high  energy  (50  kev)  electrons  contrasting  with  a  much  lower  average 
energy  of  the  excitation  elections  in  the  thick  target  case.  The  observed 

pressure  dependence  of  Figure  17  may  reflect  an  energy  dependence  of  the 

o  19 

3914  A  band  rotational  temperature.  Culp  and  Stair  have  recently  measured 

the  rotational  temperature  of  the  3914  X  band  with  electron  energy  from 

threshold  to  300  ev.  Their  measurements  indicate  a  rotational  temperature 

of  310°K  from  300  to  approximately  30  ev.  Below  30  ev  as  threshold  (18.7  ev) 

is  approached,  the  rotational  temperature  increases  to  a  maximum  of  approx- 

imately  350°K.  The  authors  interpret  the  increase  in  rotational  temperature, 

as  a  momentum  transfei  at  excitation  energies  near  threshold.  The  reported 

increase  is  too  small  in  magnitude  and  occurs  over  too  small  an  energy 

range  to  fully  explain  the  increase  in  rotational  temperature  observed  in 

Figure  17. 

The  rotational  temperature  dependence  fits  a  collision^!  model  of  the 

form  No  collision  T  -  312°K 

rot  o 

collision  T  =  360  K 
rot  ?1 

_  ,  -2.2  X  10zi  <r  T  P 

P  =  1  -  e 

where  P  is  the  probability  of  collision,  the  cross  section  of  the  colliding 
C  g 

molecule,  P  the  pressu.e  in  Torr,  and  r  the  3914  X  band  lifetime  (6.58  x  10 

seconds).  The  data  of  Figure  17  fits  this  model  with  a  collision  cross  section 
-15  2  20 

of  from  3  to  8  x  10  cm".  Herzberg  discusses  the  effect  on  the  rotational 
temperature  of  the  3914  X  band  excited  by  electrons  when  the  pressure 
increases  such  that  collisions  occur  before  the  excited  species  decays  to 
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the  ground  state.  Tor  electron  excitation  Herzberg  interprets  the  rotational 
temperature  as  an  accurate  description  of  the  kinetic  temperature  providing 
the  appropriate  value  of  the  rotational  constant  is  used.  At  low  pressures 
where  collisions  of  the  excited  state  are  unlikely,  the  distribution  of 
rotational  states  is  described  by  the  rotational  constant  of  the  ground 
state.  At  high  pressures  where  collisions  are  probable  the  rotational 

■i  2 

constant  of  the  B  state  should  describe  the  population  of  rotational 

states.  Because  of  the  similar  magnitude  of  the  rotational  constants  this 

explanation  accounts  for  only  a  AX  (12°K)  increase  in  rotational  temperature 

from  the  low  pressure  to  the  high  pressure  case.  Since  the  quenching  cross 

section  of  N  for  the  3914  8  band  has  been  measured  to  be  (5.9  -  1.4)  x  10  ^ 
2  ^ 

cm  in  good  agreement  with  the  collisional  process  described  by  Figure  17,  it 
appears  the  higher  rotational  temperature  at  higher  pressures  is  due  to  a 
preferential  quenching  of  lower  rotational  states. 

8  10 

In  the  recent  publications  of  both  Fink  and  Welge  and  Jeunehomme 

■+  2 

the  authors  suggest  two  excitation  processes  populate  the  B  b;^  level. 

Fink  and  Welge  observe  a  decrease  in  the  3914  X  band  lifetime  for  excitation 

by  electrons  of  less  than  50  av.  The  authors  interpret  this  effect  as  a 

2  + 

cascade  population  of  the  N„  B  2.  state  from  an  undetermined  higher  energy 

c  U 

level.  Extrapolating  the  observed  energy  dependence  of  the  3914  8  band  to 

excitation  threshold,  Fink  and  Welge  conclude  the  lifetime  of  the  3914 
+  —  8 

band  is  4.5  -  0.4  x  10  seconds.  Bennett  and  Dalby  observed  a  similar 

effect  in  their  earlier  measurements  but  assumed  the  decrease  in  lifetime 

at  low  energies  was  due  to  overlapping  by  the  second  positive  bands. 

Fink  and  Welge  had  sufficient  resolution  to  eliminate  this  possibility. 

Jeunehomme,  exciting  the  3914  X  band  in  an  rf  discharge  with  an  average 

electron  energy  of  from  20  -  28  ev,  supports  the  lifetime  of  the  3914  8 

band  given  by  Benneti  and  Dalby  (Table  III).  Jeunehomme  also  observes  a 

dual  lifetime  fluorescence  decay  which  is  interpreted  as  a  direct  and 

+  2  + 

indirect  population  of  the  D  level.  The  indirect  process  which 
accounts  for  10  to  20  percent  of  the  3914  $  photons,  decays  with  a 
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3.6  to  4.4  x  10  second  lifetime.  However,  like  the  unusually  large 
deactivation  cross  section  measured  by  Jeunehomme  (Table  IV),  the  observed 
Indirect  populating  mechanism  may  be  unique  to  the  rt  discharge  source 

9 

rather  than  a  general  electron  Impact  mechanism.  Sebacher  has  observed 
that  metastabie  helium  states  can  excite  the  3914  X  band  and  cause  a  dual 
fluorescence  decay  in  -He  gas  mixtures. 

A  dual  excitation  process  could  explain  the  rotational  temperature 
effect  of  Figure  17.  For  example,  at  higher  pressures  the  population  of 
rotational  states  from  the  cascade  mechanism  might  be  collisionally 
redistributed.  The  higher  rotational  temperature  of  Figure  17  could  thus 
reflect  a  larger  rotational  constant  of  the  level  from  which  cascading 
originates.  Although  the  recent  results  of  Fink  and  Welge  and  of  Teunehomme 
indicate  an  indirect  exciting  mechanism  for  the  3914  X  band,  these  results 
also  propose  values  for  other  parameters  (the  radiative  lifetime  and  the 
quenching  cross  section)  that  are  not  consistent  with  other  experimental 
results.  Until  these  discrepancies  are  resolved,  the  indirect  populating 
process  oF.the  3914  X  band  is  not  assured  as  a  general  electron  impact 
mechanism. 

3.3.3  Second  Positive  System 

As  shown  in  Figures  9  through  12,  the  second  positive  bands  are 
the  most  intense  radiators  for  the  thick  target  cases  considered.  A  previous 
study1  presented  the  relative  integrated  intensities  of  the  emission  from 
3,200  to  10,800  X  in  air  and  nitrogen  at  600,  200  and  5  Torr  excited  by  50  kev 
electrons.  However,  in  the  200  and  5  Torr  cases  only  a  fraction  of  the  total 
range  of  the  50  kev  electrons  was  observed.  As  discussed  in  the  first 
negative  section,  the  absolute  fluorescent  efficiency  for  the  3914  X  band 
excited  by  energetic  electrons  incident  on  air  and  nitrogen  is  independent 
of  electron  energy  and  a  function  of  only  the  number  density  of  the  target 
gas  molecules.  The  relative  integrated  intensities  of  the  second  positive 
bands  of  the  earlier  results  were  converted  into  absolute  fluorescent 
efficiencies  by  a  conversion  factor  based  on  the  known  absolute  fluorescent 
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efficiency  of  the  3914  ft  bend  at  the  given  target  pressure.  In  the  cases 
where  oniy  a  fraction  of  the  total  range  was  observed,  this  technique 
assumes  the  relative  intensities  of  the  3914  ft  band  and  the  second  positive 
bands  are  typical  of  the  ratio  of  the  intensities  integrated  over  the  total 
range.  With  this  assumption,  the  fluorescent  efficiencies  are  known  for 
the  second  positfve  bands  excited  by  SO  kev  electrons  incident  on  at 
600,  200  and  5  Torn  as  well  as  for  excitation  by  10  kev  electrons  incident 
on  at  22  Torr.  Figure  18  presents  the  tour  values  for  the  (0-0)  and  (0-1) 
transitions  in  the  form  of  a  Stcm-Volmer  plof.  The  data  at  bOO  and  22  Torr 
are  directly  measured  fluorescent  efficiencies  (Table  I).  The  values  at  5 
and  200  Torr  are  based  on  the  intensity  relative  to  the  3914  ft  band  in  a 
spectrogram  where  a  fraction  of  the  total  electron  range  is  observed.  The 
linear  relationship  of  Figure  18  indicates  that  both  the  inherent  assumption 
is  accurate  within  experimental  error  and  Stern-Volmei  quenching  describes 
the  pressure  dependence. 

The  evidence  tnat  the  fluorescence  of  the  first  negative  and  second 
positive  system  have  a  similar  spatial  distribution  over  the  range  of  an 
energetic  electron  is  not  surprising.  Since  the  exc.tation  of  the  second 
positive  system  from  the  ground  state  involves  a  forbidden  signlet-triplet 
transition,  direct  excitation  is  accomplished  by  electron  exchange.  This 
mechanism  is  reflected  in  the  electron  excitation  function  by  a  strong  velocity 

dependence.  The  absolute  electron  excretion  cross  sections  presented  by 

21  22 
Stewart  and  Gabathuler  and  more  recently  by  Jobe,  Sharpton  and  St.  John 

show  a  sharp  maximum  at  15  ev  and  a  rapid  decrease  at  higher  electron 

energies.  The  low  energy  electrons  that  are  most  efficient  at  exciting 

the  N  second  positive  bands  are  produced  by  ionization  of  the  target  gas. 

^  23 

Valentine  and  Curran-  in  a  review  article  present  experimental  evidence 
that  indicates  electrons  with  energy  greater  than  100  e'f  lose  an  average 
of  35  ev  per  ion  pair  produced  in  both  and  air.  As  disejssed  in  the 
thin  target  results,  electron  excitation  cross  section  measurements  show 
that  for  electrons  with  energy  greater  than  approximately  100  ev  the  ratio 
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figure  16 


of  the  total  ionization  cross  section  of  to  the  excitation  cross  section  of 
the  3914  R  band  is  constant.  Since  both  the  low  energy  secondary  electrons 
and  the  3914  R  band  are  produced  at  a  rate  that  is  directly  proportional  to  the 
rate  of  ionization,  the  second  positive  and  the  3914  R  emission  are  propor¬ 
tional.  At  the  gas  pressures  used  in  the  thick  target  studies  (5  Torr  or 
greater)  the  range  of  the  secondary  electrons  is  very  small.  Thus  the 
relative  intensities  of  the  3914  R  and  second  positive  emission  should  be 
spatially  congruent  over  the  energetic  electron's  range. 

The  lifetime  of  the  second  positive  bands  has  been  measured  by 

7  8  10 

Bennett  and  Dalby  ,  Fink  and  Welge  ,  and  Jeunehomme.  The  lifetime 

measurements  indicate  that  a  multiple  excitation  process  exists,  presumably 

a  direct  and  an  indirect  cascade  process.  In  calculating  a  value  for  c  and 

o 

v  (see  first  negative  discussion)  from  the  Stem-Volmer  plots,  Bennett  and 
Dalby' s  value  for  the  radiative  lifetime  for  the  lowest  vibrational  level  was 
used  for  all  transitions. 


The  values  for  and  <r  with  their  probable  errors  as  determined  by 
a  weighted  least  square  analysis  are  presented  in  Figure  18  for  the  (0-0) 
and  (0-1)  second  positive  bands.  Figures  19  through  38  present  analogous 
data  for  other  transitions  in  and  air.  Table  V  summarizes  the  collisional 
deactivation  cross  sections  of  and  air  for  the  transitions  considered.  A 
weighted  average  of  the  quenching  cross  sections  for  each  upper  vibrational 
level  is  also  given  in  Ta‘  1c  V  where  the  weight  of  a  given  transition  is 
proportional  to  the  inverse  square  of  its  probable  error.  Using  the  average 
values  of  die  and  air  quenching  cross  sections,  an  quenching  cross 
soot-on  calculated  from 

<r  .  =  0.79(i  +  0.21  o 

air  02 

is  given  in  Table  VI.  Table  VI  compares  the  quenching  cross  sections  of 

N  and  O  measured  in  this  experiment  with  the  values  presented  by 

^  ^  15  16  i 7 

Brocklehurst  and  Downing  ,  Hirsh  et  al  ,  and  Brocklehurst.  The  values  of 

c  ,  the  fluorescent  efficiency  at  pressures  low  enough  to  exclude  quenching. 


55 


56 


figure  19 


FLUORESCENT  EFFICIENCY  OF  N2  2P  BANDS 
BY  ELECTRON  BOMBARDMENT  OF  Ng 
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Figure  20 


FLUORESCENT  EFFICIENCY  OF  N2  2P  BANDS 
BY  ELECTRON  BOMBARDMENT  OF  Ne 


FLUORESCENT  EFFICIENCY  OF  N2  2P  BANDS 
BY  ELECTRON  BOMBARDMENT  0FN2 


PRESSURE  (TORR) 
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Figure  22 
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Figure  24 


FLUORESCENT  EFFICIENCY  OF  N2  ZP  BANDS 
BY  ELECTRON  BOMBARDMENT  OF  N2 


PRESSURE  (TORR) 
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Figure  25 
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Figure  26 


rLUuKtSCtNi  ti-HCitNCY  Of-  N2  tr  uANus 
BY  ELECTRON  BOMBARDMENT  OF  N2 


PRESSURE (TORR) 


FLUORESCENT  EFFICIENCY  OF  Hz  ZP  BANDS 
BY  ELECTRON  BOMBARDMENT  OF  AIR 
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Figure  28 


■  I  k  APkfvA 
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rLUuHtoutN  i  tmumiMUT  ur  ngtr  dmimuo 

BY  ELECTRON  BOMBARDMENT  OF  AIR 


PRESSURE  (TORR) 
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Figure  30 


FLUORESCENT  EFFICIENCY  OF  N2  2P  BANDS 
BY  ELECTRON  BOMBARDMENT  OF  AIR 
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Figure  32 


FLUORESCENT  tFFiCiENCY  OF  N*  2r  BANDS 
BY  ELECTRON  BOMBARDMENT  OF  AIR 


FLUORESCENT  EFFICIENCY  OF  N2  2 P  BANDS 
BY  ELECTRON  BOMBARDMENT  OF  AIR 


PRESSURE  (TORR) 


FLUORESCENT  EFFICIENCY  OF  N2  2P  BANDS 
BY  ELECTRON  BOMBARDMENT  OF  AIR 


74 


Figure  37 


FLUORESCENT  EFFICIENCY  OF  N2  2P  BANDS 
BY  ELECTRON  BOMBARDMENT  OF  AIR 
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Figure  38 


TABLE  V 


COLLISIONAL  DEACTIVATION  CROSS  SECTIONS  OF  N2  AND  AIR 
FOR  THE  SECOND  POSITIVE  BANDS  OF  N^ 

Transition  Quenching  Gas  Weighted  Average  for  Progression 


CM 

£ 

Air 

N2 

Air 

(xlO 

(xlO  ^cm^) 

(xlO  ^cm^) 

/  in-15  2\ 

(xlO  cm  ) 

0-0 

0.  56  -  0.  08 

0.  95  -  0.  15 

0-1 

0.  50  -  0.  08 

0.  85  -  0.  13 

0-2 

0.  51  -  0.  07 

1.  0  -  0.  16 

0.  52  -  0.  03 

0.  95  -  0.  07 

0-3 

0.  49  -  0.  07 

1.  0  -  0. IS 

0r4 

0.  50  -  0.  08 

1.  0  -  0.  16 

0-5 

0.85  -  0.  20 

1-2 

1.  4  -  0. 4 

1.5  -0.3 

1-3 

1.2-0.  15 

1.  4  -  0.  3 

1-4 

1.  4  -  0.  2 

1.  3  -  0-  2 

1.  4  -  0.  1 

1.4-0.  12 

1-6 

1.3  -  0.  2 

1.6  -0.6 

1-7 

i.  3  -  0.  2 

2-4 

1.  5  -  0. 4 

1.  1  -  0.  2 

2-6 

1.5  -  0.3 

1.6  -  0.2 

1.2-0.  11 

2-7 

i  i  ^  n  o 

A  •  A  “  U.  £. 

2-8 

1.  7  -  0.  5 

1.  0  -  0.  3 

3-3 

2.  3  -  0.  7 

1.  4  -  0.  2 

3-4 

2.  1  -  0. 8 

0.  8  -  0.  2 

3-5 

2.  2  -  0.9 

1.  2  -  0.  4 

2.  0  -  0.  3 

1.2-0.  14 

•5-7 

V  r 

i  c  +  r»  c 

A*  \J  ~  u*  u 

3-8 

1.  9  -  0.  5 

1.  6  -  0.  5 
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TABLE  VI 

COLUSIONAL  DEACTIVATION  CROSS  SECTIONS  OF  N.  AND  02 
FOR  THE  VIBRON1C  LEVELS  OF  THE  SECOND  POSITIVE  BANDS  OF  N, 


Progression 

0-n 

1-n 

2~n 

3-n 


0-n 

1- n 

2- n 

3- n 


1.  5  -  0.  4 
4.  2  -  0. 9 
4.8  -  1.4 


/  ,„-16  2. 
N0  (xlO  cm  ) 

Hirsh  et  al 

1.  2  -  0. 6 


Brocklehurst 

Downing 

1.8  -  0.3 

4.  1  -  0.  S 

5.  3  -  0.8 

6.  2  -  1. 3 


48  -  20 


02  (xlO  cm  ) 

39  -  11 
52  -  18 
81  -  32 


This  b 

Experiment,  . 

0.  52  -  0.  03 
1.4  -  0.  1 
1.6  -  0.  2 
2.  0  -  0.  3 


44-4 

59-6 

49- 6 

50- 7 


aAll  quenching  cross  sections  are  based  on  the  radiative  lifetime.  (4.  45  +-  0.  5)  x  10 
seconds,  measured  by  Bennett  and  Dalby  for  the  (0-n)  transitions. 

bThe  probable  errors  of  this  experiment  do  not  Include  the  error  in  the  radiative 


-8 


UfpHrne- 
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TABLE  VII 


FLUORESCENT  EFFICIENCIES  FOR  THE  N0  SECOND  POSITIVE  BANDS 
EXCITED  BY  ENERGETIC  ELECTRONS  INCIDENT  ON  N2  AND  AIR 


ranaition 

c  ( x  10 

■5)a 

Ratio 

Weighted  Averaqe 

0 

of  Ratio  for 
each  progression 

n2 

Air 

Co(N2)Ao(Air) 

0-0 

186  -  16 

112  -  15 

+ 

1.7  - 

0.3 

0-1 

126  -  10 

82  -  11 

+ 

1.5  - 

0.2 

0-2 

48-4 

31-4 

+ 

1.5  - 

0.2 

1.6  -  0.1 

0-3 

14.6  -  1.2 

9.9  -  1.5 

+ 

1.5  - 

0.3 

0-4 

4.0  -  0.3 

2.9  -  0.4 

+ 

1.5  - 

0.3 

0-5 

1.1-  0.2 

1-2 

38-8 

29-6 

1.3  - 

0.4 

1-3 

26-2 

24  -  4 

1.1  t 

0.2 

1.1  -  0.1 

1-4 

18-2 

13-2 

-4- 

1.4  - 

0.3 

1-6 

1.54  -  0.14 

2.0  -  0.7 

.8  - 

0.3 

1-7 

0.37  -  0.07 

• 

2-4 

8.4  -  1.6 

5. 1  -  0.9 

1.6  - 

0.4 

2-6 

3.  1  -  0. 7 

2-7 

0.81  -  0.  13 

1.4  -  0.3 

2-8 

0.40  -  0.08 

0.35  -  0.11 

1.1  t 

0.4 

3-3 

5.6  -  1.2 

5.1  -  0.7 

1.1- 

0.3 

3-4 

1.0  -  0.3 

1.1  -  0.3 

0.9  - 

0.4 

3-5 

2.0  -  0. 6 

1.3  -  0.4 

1.5  - 

0.6 

1.1  -  0.2 

3-7 

1.1  -  0.4 

3-8 

0.68  -  0.  12 

0.52  -  0. 17 

1.3- 

0.5 

aThe  fluorescent  efficiencies  are  based  on  measurements  in  N^  and  Air  extrapolated  to 
low  pressure  where  co.'lisional  deactivation  is  an  insignificant  depopulating  process. 
The  probable  error  does  not  include  the  error  in  the  absolute  measurement  which  is 
estimated  to  be  an  additional  -  15%. 
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derived  from  the  Stern-Volmer  plots  of  the  second  positive  bands  in  air  and 


N  arc  presented  in  Table  VII .  The  ratio  of  the  values  in  N„  and  air  are 
2  2 

calculated  for  each  transition.  For  each  upper  vibrational  level  observed, 

a  weighted  average  (based  on  the  inverse  square  of  the  probable  errors)  is 

given  in  Table  VII  for  the  ratio  of  c  in  N_  and  air.  The  values  of  <  for 

o  2  o 

the  lowest  vibrational  level  is  significantly  higher  in  ^  than  air.  This 
implies  a  unique  excitation  process  populates  the  lowest  vibrational  level 

3 

of  the  N„  C  II  state  in  N„  but  is  ineffective  in  air  at  the  pressures  used  in 
2  j  2 

these  thick  target  stud’es  (5  Torr  or  greater).  At  lower  pressures  (less  than 
5  Torr)  presumably  the  values  of  c  would  become  equivalent,  assuming 
competing  inelastic  electron  collisions  with  and  the  other  atmospheric 
constituents  are  negligible. 


Drocklehurst  and  Downing^  compare  emission  from  nitrogen  near 

2 

atmospheric  pressures  excited  by  energetic  electrons  with  the  published  ‘ 
spectra  of  this  experiment  excited  under  similar  conditions.  The  relative 
intensities  of  the  band  systems  show  reasonable  agreement  with  the  exception 
of  the  second  positive  bands  which  Brocklehurst  and  Downing  estimate  six 
times  less  intense  in  their  results.  Due  to  approximations  in  their  measured 
integrated  band  intensities,  it  is  suggested  the  experimental  differences  in 
the  second  positive  system  intensity  is  closer  to  a  factor  of  three  as  indicated 
by  the  quenching  cross  sections  of  Table  VI.  The  similar  pressure  ranges 


used  in  both  experiments  for  the  N, 


jeond  positive  quenching  analysis  and 


the  general  agreement  in  the  magnitude  of  the  C>2  quenching  cross  sections 
of  Table  VI,  imply  the  differences  in  the  second  positive  system  intensities 
and  the  quenching  cross  sections  are  due  to  target  gas  impurities. 
Brocklehurst  and  Downing  have  measured  relative  band  system  intensities 
as  a  function  of  content  in  the  supplied  to  the  target  chamber  with 
only  a  slight  increase  in  second  positive  system  intensity  when  the 
estimated  content  decreased  from  55  PPM  to  less  than  4  PPM.  Table  VI 
indicates  preferential  quenching  of  the  second  positive  system  vibrational 
levels  Is  strong  for  and  slight  for  O^.  If  a  target  gas  impurity  more  than 
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triplet  the  number  of  deactivating  collisions  In  the  experiment  of  Brocklehurst 
and  Downing,  the  impurity  depopulates  the  vibrational  levels  of  the  secon  ' 
positive  system  in  the  same  preferential  ratio  es  nitrogen.  This  result  in 
addition  to  the  aforementioned  measurements  of  Brocklehurst  and  Downing 
eliminates  as  a  possible  target  gas  impurity  causing  the  experimental 
differences  in  the  second  positive  system  intensity. 

When  the  gas  flow  through  the  target  chamber  of  this  experiment  was 

3  3 

decreased  from  an  estimated  100  cm  /sec  to  10  cm  /sec  (maintaining  the 
same  target  chamber  pressure),  the  absolute  intensity  of  the  second  positive 
system  decreased  by  a  factor  of  two  while  the  first  negative  system  remained 
unchanged.  The  change  in  second  positive  system  intensity  with  gas  flow 
is  lnteipreted  as  collisional  quenching  from  impurities  originating  in  the 
vacuum  system,  possibly  from  leaks  or  outgassing  prouucts  generated  by 
electron  collision  with  the  chamber  walls  or  other  residual  gases  in  the 
system  that  are  reduced  in  partial  pressure  by  increasing  the  gas  flow.  This 
tentative  explanation  is  somewhat  suspect  in  that  it  requires  a  surprisingly 
large  combined  partial  pressure  and  quenching  cross  section  for  the  impurity 
to  produce  an  intensity  change  of  two  (different  flow  rates  this  experiment) 
or  three  (Brocklehurst  and  Downing  and  this  experiment). 


The  electron  induced  fluorescence  of  air  at  pressures  ranging  from 

10  to  600  Torr  has  been  measured  within  a  spectral  bandpass  of  3200  to 
o  24 

7000  X  by  Griin,  The  pressure  dependence  of  the  radiance  was  accurately 
described  by  a  Stem-Volmer  quenching  process  with  the  fluorescence 
reduced  by  a  factor  of  two  at  11.5  Torr.  Figures  10  and  12  indicate  the 
dominant  radiator  in  air  excited  under  these  conditions  is  the  lowest  vibra¬ 
tional  level  of  the  second  positive  system  of  N^,.  The  quenching  cross 
section  of  air  measured  in  this  experiment  for  the  lowest  second  positive 


vibrational  level  (Table  V)  is  equivalent  to  a  half  intensity  air  pressure  of 


10.9  Torr,  in  excellent  agreement  with  the  results  of  Griin.  The  similarity 
of  these  results  is  additional  evidence  supplementary  to  Table  VI  of  the 
general  agreement  In  the  magnitude  of  the  quenching  cross  section  for 
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the  second  positive  system. 


'a  "i  a 

*  U  .  T 
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The  electron  excitation  conditions  ot  the  first  positive  bands  are 
similar  to  the  second  positive  bands.  Direct  excitation  of  the  first  positive 


system  from  the  ground  state,  like  the  second  positive  system,  involves 

a  singlet-triplet  transition.  The  electron  excitation  cross  sections  of 

2  5  2  G  2  7 

Langstroth  ,  Stewart  ,  and  Zapesochnyi  and  Skubenich  indicate  a 

maximum  at  approximately  15  ev  and  a  rapid  decrease  with  increasing  energy. 

In  addition  to  direct  excitation,  the  first  positive  system  is  populated  by 

allowed  transitions  from  higher  triplet,  states  (the  second  positive, 

Goldstein-Kaplan  and  fourth  positive  systems). 


Jeunehomme  has  recently  measured  the  radiative  lifetimes  of  the 
vibronic  levels  of  the  first  positive  system  in  a  pulsed  rf  discharge.  The 
fluorescence  decay  is  described  by  the  sum  of  three  apparent  lifetimes. 

The  smallest  value  is  interpreted  as  the  natural  radiative  lifetime  for  direct 
excitation  with  the  longer  lifetimes  due  to  cascading  from  longer  lived 
states. 


Using  the  analysis  presented  for  the  N  second  positive  bands,  the 

collisional  deactivation  cross  section  and  e  were  calculated  for  the  mere 

o 

intense  transitions  in  nitrogen  and  air.  The  radiative  lifetimes  of  Jeunehomme 
were  used  to  determine  the  quenching  cross  sections.  The  number  of  isolated 
first  positive  transitions  in  the  nitrogen  spectra  is  limited  because  of  over¬ 
lapping  emissions  of  the  Gaydon-Green,  Herman-Infrared  and  ON  red  systems 
as  well  as  atomic  nitrogen.  Figures  39  through  46  illustrate  the  best  fit  of 
the  data  to  a  Stern-Voimer  plot  as  determined  by  a  weighted  least  squares 
analysis.  Table  VII J  summarizes  the  results.  The  large  probable  errors  are 
due  to  the  pooriy  defined  intercepts  of  the  Stem-Volmer  plots.  An  extension 
of  the  measurements  to  lower  pressures  is  necessary  to  reduce  the  errors  in 
the  calculated  parameters.  In  addition,  the  magnitude  of  the  overlapping 
molecular  spectra  (observed  with  N  as  the  target  gas)  is  reduced  at  lower 
target  pressures. 
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Figure  39 


FLUORESCENT  EFFICIENCY  OF  N2  IP  BANDS 
BY  ELECTRON  BOMBARDMENT  OFN2 
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Figure  40 
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Figure  42 


FLUORESCENT  EFFICIENCY  OF  N2  IP  BANDS 
BY  ELECTRON  BOMBARDMENT  OF  AIR 


PRESSURE  (TORR) 
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Figure  43 


FLUORESCENT  EFFICIENCY  OF  N2  IP  BANDS 
BY  ELECTRON  BOMBARDMENT  OF  AIR 
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Figure  46 


TABLE  VIII 


FLUORESCENT  EFFICIENCIES  OF  THE  N2  FIRST  POSITIVE  BANDS  EXCITED  BY  ENERGETIC 
ELECTRONS  AND  THE  COLLISIONAL  DEACTIVATION  CROSS  SECTIONS  OF  N’2  AND  AIR 


Transition 


e  (xlO-5) 
_ 


t  ,rC17 

a  (x  1 0  cm  ) 


N2 

Air 

N2 

Air 

0-0 

+ 

9-9 

+ 

5-5 

1-0 

58  -  16 

30  -  30 

1.9  -  0.5 

7-7 

2-0 

22-6 

13  -  13 

1.5  -  0.4 

6-6 

3-0 

0.9  -  0.4 

+ 

2  -  1 

3-1 

+ 

6-3 

3-1.5 

4-1 

2.9  -  1.5 

4.8  -  2.6 

5-2 

4.8  -  3.7 

6.5-5 

5-3 

3.0  -  0.6 

2.2  -  0.7 

1.1  -  0.3 

2.2  -  0.7 

6-3 

1.1  -  0.2 

1.4  -  0.3 

6-4 

0.9  -  0.2 

1.4  -  0.4 

dThe  collisional  deactivation  cross  sections  are  based  on  the  radiative  lifetimes 
of  Jeunehomme. 
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4.  THIN  TARGET  CONDITIONS 


In  the  thin  targe*,  studies  the  gas  pressure  was  reduced  such  that 
the  energetic  primary  electron  lost  a  small  fraction  of  its  energy  In  crossing 
the  observation  region  of  the  target  chamber.  The  collimated  energetic 
electron  beam  In  the  thin  target  case  facilitates  the  distinction  between 
primary  and  secondary  electron  excitation  based  on  the  spatial  distribution 
of  the  emittance.  The  thin  target  measurements  presented  in  this  report  are 
limited  to  the  first  negative  and  Meinel  bands  of  N^.  As  observed  in  this 
experiment  these  band  systems  were  excited  by  primary  energetic  electrons. 

4.  1  Target  Chamber 

The  target  chamber  design  for  the  thin  target  measurements  is  shown 
in  Figure  47.  Wall  effects,  including  emissions  due  to  secondary  electrons 
produced  by  the  impact  of  the  electron  beam  on  the  end  of  the  target  chamber, 
were  isolated  from  the  observation  region  by  two  copper  baffles.  Figure  46, 
photographs  of  the  thin  target  fluorescence,  illustrates  the  effectiveness  of 
the  baffles  in  isolating  wall  effects  from  the  observation  region  where  the 
thin  target  measurements  were  made. 


A  single  3x9  mm  differentially  pumped  nozzle  maintained  a  maximum 

-4 

pressure  of  5  x  10  Torr  in  the  electron  gun  action  while  the  target 
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functioned  as  a  Faraday  cup  to  measure  the  electron  beam  current. 


Target  chamber  pressure  was  measured  with  a  National  Research 
Corporation  "Alphatron"  gauge.  The  "Alphatron"  gauge  was  calibrated 
over  the  range  of  0.02  to  1.0  Torr  with  a  McLeod  gauge  which  read 

approximately  10  percent  lower  than  the  "Alphatron"  gauge.  Recently, 

14 

Schram  et  al  have  discussed  a  pumping  effect  of  mercury  vapor  in 
McLeod  gauges  previously  reported  by  others.  Mercury  vapor  diffusing 
from  the  reservoir  causes  a  pressure  gradient  between  the  gauge  and  the  cold 
trap  conventionally  used  to  isolate  the  vacuum  system  from  the  gauge.  This 
effect  results  in  a  low  McLeod  gauge  reading.  Schram’s  pressure  readings 
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Figure  4  8 


of  nltrojen  Increased  8  percent  by  placing  a  cold  trap  Immediately  above  the 

mercury  reservoir.  The  magnitude  of  the  mercury  pumping  effect  Is  a 

function  of  the  gas,  mercury  temperature  and  the  dimensions  of  the  gauge. 

Assuming  this  effect  accounts  In  part  for  the  lower  McLeod  gauge  reading, 

the "Alphatron "  gauge  absolute  accuracy  is  believed  to  be  within  five  percent 

-4  -2 

over  the  range  3x10  to  5x10  Torr. 

4 .  2  Recording  Spectra 

'  _2 

Tigure  49  Is  a  spectrogram  of  the  emission  in  at  5  x  10  Torr 

excited  by  50  kev  electrons.  The  spectra  were  recorded  with  a  series  of 
gratings  and  photomultipliers  and  corrected  for  the  system  spectral  response 
as  previously  discussed  in  the  thick  target  results.  The  monochromator  was 
positioned  such  hnat  the  long  dimension  of  the  election  beam  was  parallel 
to  the  entrance  sli'  The  electron  beam  was  imaged  on  the  2  x  20  mm 
entrance  slit  by  a  condensing  lens  resulting  in  an  optical  gain  that  was 
inversely  proportional  to  the  width  of  the  fluorescing  beam.  The  optical 
gain  was  approximately  one  for  the  first  positive  bands  and  progressively 
increased  for  the  second  positive,  Mcine).  and  first  negative  system 
(optical  gain  of  approximately  ten).  The  long  exposure  of  Figure  48 
illustrates  the  emission  was  not  confined  to  the  path  of  the  primary  electron 
beam.  The  3914  8  emission  excited  by  the  primary  electron  beam  is  an 
accurate  measure  of  the  beam  width.  Since  little  momentum  Is  transferred 
in  electron  excitation,  the  velocities  of  the  excited  molecules  are 
described  by  a  roam  temperature  Boitzman  distribution.  The  average  3914  8 

„2  _  Q 

emitter  travels  only  3x10  '  mm  over  one  radiative  lifetime  (6.  58  x  10  sec). 

29 

Sheridan,  Oldenberg  and  Carleton  photographed  the  beam  width  of  the 
3914  8  band  and  the  (2-0)  Meinel  band  emission  due  to  electron  excitation 
and  estimated  the  (2-0)  Meinel  band  lifetime  as  3  x  10  6  seconds  based 
on  the  width  of  the  fluorescent  beam.  This  value  yields  an  average  single 
lifetime  travel  of  1.  4  mm.  The  first  and  second  positive  bands  of  are 
excited  principally  by  low  energy  secondary  electrons  and  account  for  the 
emission  outside  the  primary  election  beam  of  Figure  48.  Thompson  and 
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sonic  general  effect  for  the  first  positive  bands.  Tan  presents  the  same 
general  spatial  distribution  for  electron  beam  excitation.  However,  Tan's 
spectrogiaphic  measurements  indicate  a  wider  electron  beam  fluorescence 
for  the  first  negative  bands  than  the  Meinel  bands. 


The  (2-0),  (1-0)  and  (0-0)  Meinel  band  measurements  were  made 
with  three  bandpass  interference  filters  mounted  on  a  liquid  nitrogen  cooled 
photomultiplier  (RCA  7102)  with  S-l  response.  A  tubular  collimator  limited 
the  angle  of  incidence  to  a  maximum  of  7.5  degrees  off  the  normal.  The 
collimator  ensured  that  the  bandpass  of  the  filters  did  not  substantially 
shift  to  lower  wavelengths  for  off  axis  illumination.  The  filters  were 
effective  in  isolating  the  Meinel  bands  from  adjacent  spectra  for  normal 
incidence  illumination. 


4 . 3  Meinel  Hand  Lifetime  Measurements 

+ 

The  Meinel  bands  of  first  identified  in  aurora,  have  been 
excited  by  an  energetic  electron  beam  by  Sheridan,  Oldenberg  and  Carleton/ 

In  addition  to  a  3  x  10  6  second  lifetime  for  the  (2-0)  band,  a  N  collisional 

- 14  2  1 

quenching  cross  section  of  2  x  10  cm  was  presented. 

In  the  present  experiment  the  lifetimes  of  the  (0-0),  (1-0)  and  (2-0) 
Meinel  bands  were  measured.  A  low  signal  to  noise  ratio  prevented  the 
fluorescence  decay  from  being  displayed  on  an  oscilloscope  and  measured 
directly.  Two  experimental  techniques  were  used  to  measure  the  radiative 
lifetimes.  Figure  50  illustrates  the  experimental  arrangement  for  the 
technique  using  a  gated  input  to  a  phase  sensitive  amplifier.  The  gate 
width  was  controlled  by  a  pulser  which  also  provided  a  continuously 
variable  delay  from  an  external  reference  (electron  beam  pulse).  This 
technique  allowed  the  narrow  band  phase  sensitive  amplifier  to  scan  the 
fluorescence  decay  of  the  photomultiplier  output.  Initial  results  indicated 

the  Meinel  band  lifetimes  to  be  pressure  dependent  and  range  from 

-6  -3 

2  to  5  x  10  seconds  over  the  pressure  range  of  3  to  20  x  10  '  Torr.  The 

gated  sample  width  was  0.4  x  10  b  seconds  and  the  electron  beam 
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Figure  50 


EXPERIMENTAL  ARRANGEMENT  TO  MEASURE  MEINEL  BAND 

LIFETIMES 


modulation  frequency  2  x  10  Hz  for  most  of  the  lifetime  measurements 
with  the  linear  gate  technique.  The  phase  sensitive  amplifier  was  tuned 
for  a  logic  pulse  with  no  delay  from  the  arbitrarily  defined  zero  time. 
Introducing  a  delay  to  the  logic  pulse  detuned  the  phase  sensitive  amplifier. 
The  amplitude  of  the  fluorescence  decay  was  corrected  for  the  effective 
decrease  In  the  gain  of  the  amplifier  which  was  proportional  to  the  cosine 
of  the  angular  delay. 

In  the  second  experimental  technique  the  amplifier  output  was 
applied  to  a  Princeton  Applied  Research  waveform  eductor-  an  instrument 
designed  to  recover  repititive  waveforms  from  low  signal  to  noise  ratio 
inputs.  In  the  waveform  eductor,  the  repititive  waveform  is  divided  into 
one  hundred  segments  which  are  switched  sequentially  and  synchronously 
through  a  resistor  to  memory  capacitors  where  the  average  signal  is 
obtained  and  stored.  The  information  in  the  memory  was  read  out  on  a  strip 
chart  recorder.  The  minimum  sample  time  per  channel  was  one  microsecond. 
The  Meinel  band  lifetimes  were  corrected  for  a  system  rise  time  of  about 
one  microsecond  caused  by  the  limitation  of  the  waveform  eductor  high 
frequency  bandwidth. 

The  measured  lifetimes  are  based  on  the  exponential  decay  of  the 

fluorescence  over  approximately  an  order  of  magnitude  of  intensity.  It 

has  been  assumed  that  the  fluorescence  decay  is  described  by  a  single 

3  3 

exponential  decay.  Wotsley  has  treated  the  problem  of  extracting 
multiple  exponential  decays  from  experimental  data.  It  is  necessary  that 
the  experimental  data  be  very  accurate  in  order  to  be  meaningfully  described 
by  a  sum  of  exponentials.  In  addition,  observation  of  the  intensity  decay 
over  several  orders  of  magnitude  may  be  necessary.  Even  wi' h  these 
conditions  satisfied,  the  determination  of  several  coefficients  and 
exponents  by  curve  fitting  can  be  ambiguous.  With  the  accuracy  of  the 
data  of  this  experiment  and  the  limited  range  of  intensity  observed,  a 
single  exponential  decay  is  the  only  meaningful  interpretation. 
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The  pressure  dependence  of  the  lifetimes  of  the  (2-0),  (1-0)  and 
(0-0)  Meinel  bands  are  presented  In  Figures  51,  52  and  53.  Fot  most  of  the 
data  the  results  the  two  experimental  methods  show  no  measurable  difference. 
However,  at  the  higher  pressures  the  lifetimes  measured  for  the  (2-0)  band 
with  the  waveform  eductor  are  significantly  larger  than  the  values  measured 
with  the  linear  gate  technique.  Thh  effect  Is  believed  to  be  due  to  over¬ 
lapping  by  a  first  positive  band  which  increases  the  lifetime  measured  with 
the  waveform  eductor  at  high  pressures.  As  subsequently  shown,  the 
Intensity  of  first  positive  bands  increases  faster  than  pressure  while  the 
Meinel  band  intensity  increases  less  than  the  pressure  In  this  range.  Thus, 
fluorescence  within  the  bandpass  of  the  interference  filter  of  the  overlapping 
first  positive  emission  should  Increase  at  higher  pressures.  Figure  10 
indicates  the  relatively  weak  (7-6)  first  positive  band  coincides  with  the 
(2-0)  Meinel  band.  Jeunehomme  has  shown  the  fluorescence  decay  of  the 
first  positive  bands  In  an  rf  discharge  are  described  by  tne  sum  of  three 

exponential  decays.  The  natural  radiative  lifetime  (presumably  the  fastest 

_  6 

exponential  decay)  for  the  seventh  upper  vibrational  level  Is  5.  3  x  10 
seconds.  This  minimum  value  of  the  several  first  positive  decay  rates  Is 
larger  than  the  (2-0)  Meinel  band  lifetime  at  the  higher  target  gas 

pressures.  In  the  case  of  the  linear  gate  technique  the  modulation 

4  3 

frequency  was  2x10  Hz  compared  to  5  x  10  Hz  for  the  waveform  eductor. 
Operating  at  a  10  percent  duty  cycles,  the  electron  b^im  pulse  width  was 
5  x  10  ®  seconds  for  the  linear  gate  and  20  x  10  ^  seconds  for  the  wave¬ 
form  eductor  measurements.  The  narrow  beam  pulse  used  in  the  linear  gate 
case  has  reduced  the  relative  Intensity  of  the  longer  lived  overlapping  first 
positive  bands.  This  Interpretation  Is  supported  by  Figure  54  which  shows 

lifetime  measurements  of  the  (2-0)  Meinel  band  as  a  function  of  pulse 

-3  -3 

width  at  two  N,  gas  pressures  (5.  3  and  23)  x  10  Torr.  The  5.3  x  10 

1  _3 

Torr  lifetime  is  Independent  of  pulse  width,  while  the  23  x  10  Torr  data 
shows  a  significant  decrease  In  lifetime  at  narrow  pulse  widths. 
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Figure  54 


Figures  51,  52  and  53  have  been  analyzed  by  a  Stern-Volmer 
quenching  expression  of  the  form 

1/t  =-  2.2.  102L  o  p  4  1/t 

o 

where  t  is  the  observed  fluorescence  decay  time,  <'  the  colhsional  quenching 

cross  section  of  N  ,  1'  the  pressure  in  Torr  and  r  the  natural  radiative 
i  o 

lifetime.  The  colhsional  quenching  cross  section  of  has  been  estimated 

as  6.6  x  10  cm2  for  the  (2-01  band,  6.1x10  cni^  for  the  (1-0)  band  am 
- 1 5  2 

4.6  x  10  cm  for  the  (0-0)  band.  The  respective  values  of  t  are  6.3  x  10 

*■  6  —  6  ^ 

6.8  x  10  ,  and  8.5  x  10  seconds.  Sheridan,  Oldcnberg  and  Carleton 

-20  2 

measured  a  value  of  6  x  10  cm  seconds  for  the  product  of  the  (2-0)  band 
lifetime  and  the  N  quenching  cross  section.  This  experiment  indicates  a 
value  of  4.2  x  10--*-1  cm"  seconds  for  this  quantity. 

4 . 4  Meinel  Hand  Colhsional  Deactivation  Cross  Sections 

In  the  previous  section  the  N?  colhsional  quenching  cross  section 
was  measured  by  observing  the  pressure  dependence  of  the  exponential 
decay  of  the  Meinel  band  fluorescence.  Measuring  the  less  than  linear 
increase  of  the  Meinel  band  intensity  with  pressure  in  the  range  of  0.3  to 

-3 

20  x  10  Torr  is  an  alternative  method  of  measuring  the  colhsional 
deactivation  cross  section.  In  this  method  two  photomultipliers  were  used 
to  observe  the  electron  beam  fluorescence  as  a  function  of  target  gas 
pressure.  A  cooled  photomultiplier  with  5-1  response  was  fitted  with 
either  one  of  the  three  Meinel  band  interference  filters  and  the  tubular 
collimator.  A  narrow  band  interference  filter  that  isolated  the  first 
negative  (0-0)  band  at  3914  X  was  mounted  on  a  second  photomultiplier 
with  an  S-ll  photocathode  response.  The  intensities  of  both  the  3914  X 
band  and  either  the  (2-0),  (1-0)  or  (0-0)  Meinel  band  were  measured  by  the 
phase  sensitive  amplifier  as  a  function  of  the  target  gas  pressure  measured 
by  the  "Alphatron"  gauge.  The  pressure  dependence  of  the  3914  X  band  for 
a  typical  case  is  presented  in  Figure  55.  The  slight  scatter  about  the 
linear  relationship  is  due  to  errors  in  the  pressure  measurement.  The  best 
linear  fit  of  the  data  has  been  used  to  define  a  corrected  pressure  for  each 
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data  point.  The  corresponding  Meinel  intensity  at  each  pressure  is  plotted 
against  the  corrected  pressure  value  in  the  form  of  a  Stcrn-Volmer  plot  in 
figures  $6  through  61,  The  figures  indicate  Lhat  the  Stern-Volmer  aucnclnng 
expression  is  valid  over  limited  pressure  ranges  and,  the  Meinel  band 
intensity  as  recorded,  is  frequency  dependent. 

The  fundamental  harmonic  of  the  fluorescence  in  a  given  transition 
excited  by  a  modulated  electron  beam  is  shifted  in  phase  because  of  a  finite 
radiative  lifetime.  The  magnitude  of  the  phase  shift  is  expressed  by 

—  h  -  arc  tan  2  n  f  r 

where  f  is  the  electron  beam  modulation  frequency  and  r  is  the  radiative 
lifetime.  In  addition  to  the  phase  shift,  the  amplitude  of  the  fundament*  1 
harmonic  is  attenuated  as  described  by  an  expiession  of  the  form 

A=[  M  (2rfr)']  7 

where  A  represents  the  amplitude  attenuation.  The  phase  sensitive  amplifier 
was  turned  in  each  instance  for  maximum  signal  output  for  the  3914  ft  band. 
For  the  modulation  frequencies  used  (2  x  IQ4  Hz  maximum)  the  3914  ft  band 
(L.58.  10  ^  second  lifetime)  was  essentially  a  measure  of  the  electron  beam 
phase.  The  Meinel  band  intensity  as  measured  in  the  fundamental  harmonic 
by  the  phase  sensitive  amplifier  is  proportional  to  the  product  of  the 
amplitude  and  the  cosine  of  the  angular  delay.  Thus  the  frequency  depen¬ 
dence  of  tnc  Mexiiei  band  intensity  is  utmciineci  oy 

i  =  f  i  +  (2  x  f  i)2  r1 

as  measured  by  the  phase  sensitive  amplifier  tuned  for  3914  ft  band.  The  pn 
vious  section  indicates  the  Meinel  band  lifetimes  are  on  the  order  of  6  x  10 

3 

seconds.  Thus  at  6  x  10  )iz,  it  is  anticipated  the  Meinel  intensities  will  b 

reduced  on  the  order  of  five  percent  from  the  magnitude  measured  at  lower  fri. 

quenctos.  IMv  ever  celwsional  quenching  competes  wnn  fluorescence  decay 

af  higher  pressure.,  and  causes  ar.  increase  i n  the  depopulation  rate  of  the 

excited  state.  Thus  m  order  to  measure  Meinel  intensity  as  a  function  of  th< 

3 

single  variable  pressure,  modulation  frequencies  less  than  6x10  Hz  were 
used  to  avoid  intensity  attenuation  at  the  longer  decay  times  (low  pressures i 


MODULATION  FREQUENCY 


STERN -VOLMER  PLOT  (O-O)  MEINEL  BAND 

5x10s  HERZ  MODULATION  FREQUENCY 


In  Figure*  56  through  61  Stem-Voimer  quenching  was  analyzed  by  an 


expression  of  the  form 

T~1  _  2  ■  1 6  x  1021  or  +  1 

*  =  K  KP 


where  I  Is  the  Meinel  band  intensity,  K  is  a  constant,  t  the  natural  radiative 
lifetime,  c  the  collisional  quenching  cross  section  of  N2>  and  P  the  pressure 
in  Torr.  For  the  several  linear  sections  of  the  figures  the  ratio  of  the  inter¬ 
cept  to  the  slope  was  calculated  and  expressed  in  the  form  of  the  ar  product. 

The  lifetime  measurements  of  the  previous  section  indicate  that  this  quantity 

-20  2  -20  2 
is  4.2  x  10  cm  seconds  for  the  (2-0)  bands,  4.1  x  10  cm  seconds 

-20  2 

for  the  (1-0)  band,  and  3.9  x  10  cm“  seconds  for  the  (0-0)  band.  Figures 

56,  58  and  60  indicate  that  under  similar  conditions  of  modulation  frequency 
3  -3 

(5  x  10  Hz)  and  pressure  (2  to  20  x  10  Torr)  this  experiment  confirms 
these  values  within  experimental  error.  However,  at  lower  modulation 
frequencies  and  lower  pressures  the  magnitude  of  this  parameter  increases. 
The  frequency  dependence  may  be  interpreted  as  emission  within  the  band¬ 
pass  of  the  interference  filter  with  an  apparent  lifetime  substantially  greater 
__  ^ 

than  6  x  10  seconds.  The  longer  lived  emission  may  be  either  overlapping 
spectra  or  Meinel  band  radiation  due  to  an  indirect  excitation  process. 


The  only  known  potentially  overlapping  emitter  are  the  relatively 
weak  first  positive  bands  of  t  aie  coincident  in  wavelength  with  the 

Meinel  bands.  Figure  62  indicates  the  pressure  dependence  of  several 
first  positive  bands  near  6600  8.  The  greater  than  linear  intensity  increase 
with  pressure  occurs  until  the  range  of  the  secondary  electrons  is  confined 
within  the  field  of  view.  Considering  the  less  than  linear  intensity  increase 
of  the  Meinel  bands  with  pressure,  first  positive  band  overlap  is  anticipated 
at  higher  pressures.  As  discussed  in  the  previous  section,  the  first  positive 
overlap  recorded  by  the  phase  sensitive  system  is  expected  to  decrease  at 
higher  modulation  frequencies  due  to  amplitude  attenuation  and  phase  shift 
of  the  fundamental  frequency  caused  by  first  positive  longer  radiative 
lifetimes.  Thus  if  first  positive  band  overlap  is  proposed  as  the  reason  for 
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INTENSITY  OF  FIRST  POSITIVE  BANDS  AT  6600  A 
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Figure  63 


BAND  INTENSITY  AS  MEASURED  BY  PHASE  SENSITIVE 

AMPLIFIER 


the  departure  of  figures  bh  through  61  from  the:  deucnpti  m  of  the  Stern- Voir  ei 
expression,  an  increase  in  absolute  intensity  would  he  expected  at  high 
pressures  and  low  modulation  frequencies.  This  is  not  the  case.  The 
intensity  of  the  (1-0)  Memel  band  relative  to  the  391-1  X  band  is  presented 
in  Figure  63  as  a  function  of  trie  electron  beam  modulation  frequency.  The 
Mcinol  band  shows  a  significant  increase  in  intensity  at  the  lower  modula  ¬ 
tion  frequencies  for  the  lower  pressure  case.  In  addition,  the  Meinel  band 
intensity  is  linear  with  electron  beam  current  for  the  Fnv  pressure-low 
frequency  conditions.  Thus  the  emission  is  the  result  of  a  single  electron 
collision  resulting  in  one  or  more  excitation  mechanisms . 

The  variation  of  the  intensity  of  the  Memel  hands  at  lower  pressures 
with  modulation  frequency  suggests  a  multiple  excitation  process.  The 
data  is  consistent  with  a  direct  and  an  indirect  populating  mechanism  which 
is  characterized  by  a  substantially  longer  fluorescence  decay,  the  phase 
sensitive  amplifier  is  detuned  to  the  indirect  excitation  at  the  higher  modula¬ 
tion  frequencies.  The  prominence  of  the  indirectly  excited  emission  at  low 
pressures  suggests  a  collisional  process  competes  with  the  relatively  slow 
process  which  indirectly  populates  the  Meinel  system. 

In  view  of  the  complexity  of  the  proposed  model,  tire  values  pre¬ 
sented  for  the  collisional  deactivation  cross  sections  are  tentative  values 
until  further  experiments  define  the  excitation  and  de-exeitaticn  mechanisms. 

-i 

4 . 5  Absolute  Cross  Sections  for  Production  of  K  First  Negative  and 

Meinel  Bands  by  Flectron  Impact 

4.5.1  Introduction 

The  importance  of  a  knowledge  of  absolute  and  relative  cross  sections 
in  understanding  excitation  phenomena  in  gases  has  been  [jointed  out  many 
times  in  the  past.  This  knowledge  is  particularly  applicable  to  tire  phen¬ 
omena  of  auroral  and  ionospheric  processes. 

Laboratory  studies  of  electron  interactions  witn  atmospheric  gases 

34 

were  carried  out  at  least  as  early  as  1931  by  l.indh.  It  was  observed 
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that  at  low  pressures  the  im>ri  uromment  emissions  i  n  the'  visible  i  ■  cj  i  on  of 


the  spectrum  were  from  too  X  }  tirst  negative  bund  system.  I  ateT,  it  was 

“3  5  3  3 

observed  m  aurora  fry  Memel  and  in  the  laboratory  by  lan  that  under 
certain  conditions  the  intensity  of  the  Monel  system  ol  N  may  appeal  with 
an  intensity  of  tin:  same  order  of  magnitude  as  the  X  first  iiegutp.e  system. 

-t 

Absolute  cross  sections  for  production  of  X?  first  negative  emissions 
by  electron  impact  have  been  measured  m  various  eneigy  regions  from 
threshold  to  20  f.ov  by  by  Stewart'^;  Sheridan,  Oldenburg  and  Oarleton^ ~ % 

llayakawa  and  Nisinmura^;  McConkcy  and  1  atimer^  *;  McConkey,  VVoolscy 

Id  -11  4  1 

and  Burns  ;  Holland  ;Srivastava  and  Mine.  3  lie  results  differ  by 

approximately  a  factor  of  two  m  tire  overlap  regions  between  the  first  throe 

and  the  last  three  references.  In  an  effort  to  isolate  the  source  of  this 

discrepancy,  a  series  of  joint  measurements  were  made  m  bos  Alamos  with 
4  1 

Dr.  R.  Holland  of  the  I.os  Alamos  Scientific  laboratoiy  and  m  Cambridge 

with  Dr.  X.  P.  Carlcton  of  Harvard  University.  The  nature  of  the  joint 

4  1 

measurements  are  included  in  a  recent  report  by  Holland.  Based  on  the 

results  of  the  cross  checks  with  Dr.'s  Holland  and  Carlcton  the  originally 

43  o 

reported  cross  section  for  electron  production  of  the  3914  A  band  has 

been  revised,  increased  by  a  factor  of  two  to  agree  with  the  results  of 

41  39  40  4’ 

Holland  and  other  recently  reported  values. 


Zapesochnyi  and  Skubenich"  have  measured  the  absolute  cross 

section  for  low  energy  electron  production  of  the  T7^  state  of  X ?  . 

Relative  electron  excitation  cross  sections  for  several  Memel  bands  have 

2  G 

been  given  by  Stewart.  Absolute  cross  sections  for  production  by  protons 

44 

have  been  given  by  Carlcton  and  Lawrence  and  by  Sheridan,  Ukicnbcrg 
and  Carlcton .  ^  Tan^~  compares  the  relative  intensity  of  39  1  J  R  band  and 
the  Meine!  bands  excited  by  protons  and  elections. 


The  data  presented  in  this  section  are  in  the  form  of  absolute 
effective  cross  sections  lor  production  of  the  radiation  observed  independent 
of  excitation  path.  It  is  generally  assumed  that  the  bands  of  the  X  y  first 
negative  system  arc  excited  directly  from  the  ground  state  of  X  ,  rut  hoi 
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than  as  a  result  of  a  cascade  process.  Recent  results  of  Lassettre  et  al 
on  electron  energy  loss  in  collisions  with  nitrogen  fail  to  show  the  charac¬ 
teristic  loss  at  18.7  ev  that  is  expected  for  direct  excitation.  Fink  and 
8  in 

Welge^,  and  Jeunehomme  ~  in  the  measurement  oi  first  negative  band 
radiative  lifetimes  have  interpreted  anomalous  effects  as  indications  of  a 
dual  excitation  process. 

It  is  of  interest  to  compare  the  results  of  the  excitation  cross  section 

measurements  with  the  measured  cross  sections  for  ionization  of  N  as 

14  1 

given  by  Schram,  et  al.  Experimental  results  indicate  for  electron  pro¬ 
duction  the  ratio  of  the  total  ionization  cross  section  to  the  3914  R  cross 
section  t s  constant.  This  ratio,  when  combined  with  the  observed  35  ev 
average  energy  loss  by  electrons  stopping  in  N  or  air  for  each  ion  pair, 
is  used  to  estimate  the  efficiency  for  producing  3914  R  emission  by  energetic- 
elections  . 

Results  are  presented  for  the  absolute  cross  sections  for  production 

of  the  (0-0)  band  of  the  N  first  negative,  system  and  the  (0-0),  (1-0)  and 
+  ^ 

(2-0)  bands  of  the  Meinel  system  by  electrons  of  energies  between  3  kev 
and  60  kev. 

4.5.2  Experimantal  Method 

The  absolute  cross  section  for  electron  excitation  of  the  3914  R 
band  was  measured  by  observing  a  2 . 5  cm  path  length  of  the  electron  beam 
in  the  observation  region  cf  the  target  chamber  (Figure  46)  at  a  distance  of 
several  meters.  The  emission  was  assumed  to  approximate  an  isotropic 
point  source.  The  target  chamber  and  baffles  had  been  painted  with  a  flat 
black  paint  to  minimize  reflections.  It  was  verified  that  the  black  paint 
did  not  altar  or  add  to  the  relative  emission  of  the  observed  band  systems. 

A  standard  tungsten  ribbon  lamp  was  used  to  calibrate  the  photomultiplier 
filter  detector.  The  photomultiplier  response  was  assumed  to  be  constant 
over  the  75  R  bandwidth  of  the  interference  filter.  Knowing  the  transmission 
of  the  filter  to  both  a  continuous  source  and  the  3914  R  band,  absolute 
pressure,  beam  current,  window  transmission,  and  path  length  observed, 
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the  absolute  cross  section  was  determined  for  a  given  energy.  The  relative 

cross  section  energy  dependence  was  measured  by  using  the  two  phase  sensitive 

amplifiers  and  dual  channel  strip  chart  to  record  the  3914  ft  signal  and  beam 

current  as  a  function  of  energy.  The  Meincl  band  cross  sections  were 

measured  by  mounting  the  three  bandpass  interference  filters  successively 

on  the  cooled  S-l  photomultiplier  which  was  positioned  several  centimeters 

from  the  target  chamber  window.  The  absolute  cross  sections  were  determined 

by  measuring  the  intensity  relative  to  the  3914  ft  band  with  the  nitrogen  target 

-4 

chamber  pressure  5x10  Torr.  The  signal  was  recorded  by  a  phase  sensi¬ 
tive  amplifier  and  strip  chart  recorder.  The  maximum  angle  of  incidence 
through  the  filters  was  approximately  7  degrees  as  determined  by  a  cathode 
surface  mask  and  the  filter  mount  geometry.  An  RCA  6199  photomultiplier 
with  an  S-ll  response  with  a  field  of  view  similar  to  the  o-l  tube  was  used 
as  a  measure  of  the  relative  3914  cross  section.  Both  tubes  were  calibrated 
with  the  tungsten  ribbon  lamp.  The  cooled  S-l  tube  with  each  of  the  three 
Meme!  band  filters  was  also  calibrated  with  a  1150°C  blackbody.  knowing 
the  transmission  of  each  filter  to  the  molecular  band  as  well  as  a  continuous 
source  and  the  response  of  the  photomultiplier  filter  detectors  to  the  standard 
sources,  the  relative  cross  sections  were  determined  assuming  the  same 
path  length  and  solid  angle  of  the  source  was  observed. 

The  correction  in  the  originally  published  cross  section  is  based 
principally  on  a  revised  measurement  of  absolute  pressure.  Tc  avoid  spurious 
currents  generated  by  the  electron  beam,  the  "Alphatron"  gauge  was  mounted 
approximately  ^3  cm  from  the  observation  region  of  tne  large:  'ha-nb^i  m  a 
pipe  leading  to  the  large  mechanical  pump.  It  was  previously  observed  for 
a  given  3914  ft  radiance,  the  "Alphatron"  pressure  increased  when  the  gas 
flow  through  the  target  chamber  was  substantially  reduced.  This  was 
erroneously  treated  as  a  pressure  gradient  with  the  value  measured  at  mini¬ 
mum  gas  flow  accepted  as  an  accurate  measure  of  the  pressure  in  the  region 
of  the  3914  ft  emission.  Additional  recent  tests  indicate  the  pressure  increase 
with  decreasing  gas  flow  is  due  to  outgassing  contaminants  generated  by 
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electron  beam  impact  with  the  target  chamber.  Increasing  gas  flow  more  than 
an  order  of  magnitude  while  maintaining  the  same  target  chamber  pressure 
reduces  the  partial  pressure  of  the  outgassing  constituents  to  negligible 
proportions . 

4.5.3  Results 

The  revised  cross  section  measured  for  electron  excitation  of  the 
3914  %  band  is  compared  with  some  of  the  previously  published  values  in 

Figure  64.  The  recent  results  (not  shown  in  rigure  (A)  of  McConkey,  Woolscy 

40  4i  42 

and  Burns  ,  of  Holland  and  of  Snvastava  and  Mirza  support  the  cross 

39 

section  of  McConkey  and  Latimer  and  extend  the  electron  energy  Lo  2  kev. 

As  discussed  in  Section  4.4,  the  absolute  intensity  of  the  Meinel 
bands  at  low  pressure  as  measured  in  this  experiment  was  dependent  on  the 
modulation  frequency.  This  is  interpreted  as  a  dual  excitation  process, 

presumably  a  direct  and  an  indirect  populating  mechanism.  At  a  modulation 

3  -4 

frequency  of  5  x  10  Hz  and  target  gas  pressure  of  5  x  10  Torr,  the  ratios 

of  the  (2-0),  (1-0)  and  (0-0)  Meinel  band  cross  sections  to  the  3914  X  band 

are  0. 60  -  0. 06,  1.40  -  0. 14  and  1 .20  -  G.  18  respectively.  The  revised 

cross  sections  for  this  case  are  presented  in  Figure  65.  As  indicated  by  the 

Stern-Volmer  plots  of  Figures  56  through  61,  for  these  conditions  the  direct 

excitation  process  dominates.  At  the  lower  modulation  frequency  of  150  Hz, 

the  magnitude  of  the  Meinel  cross  sections  also  measured  at  a  gas  pressure 
-4 

ot  5  x  10  Torr  increased  by  a  factor  of  3,5.  The  increase  is  presumably 
due  to  an  indirect  populating  mechanism.  As  shown  in  Figure  66,  no 
measurable  difference  was  observed  in  the  energy  dependence  of  the  Meinel 
bands  compared  to  the  3914  X  band.  The  target  chamber  pressure  was 
5x10^  Torr  and  the  emission  of  each  Meinel  band  and  the  3914  X  band 
were  recorded  simultaneously  through  the  dual  channel  recording  system. 

The  increase  in  experimental  error  at  the  lower  energies  was  caused  by  the 
decrease  in  target  chamber  beam  current  and  at  the  longer  wavelengths  by 
the  lov,rer  quantum  efficiency  of  the  photomultiplier. 
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ELECTRON  EXCITATION  CROSS  SECTION  FOR  THE 


ELECTRON  ENERGY  (ev ! 
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Figure  65 
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Figure  66 


4.5.4  Ducugsion 

14 

Schram,  et  a!  have  analyzed  a  measured  moss  section  (or  the 
Ionization  of  nitrogen  by  electrons  of  f-om  0.6  to  20  kev  energy  in  terms  of 
the  Born  approximation.  The  resulting  expression  has  the  form 


a 


— —  log.,  CL* 
11“ 


where  °N„  is  the  cross  section  in  cm2  per  molecule,  L1  =  1/2  m  v2  (m  r- 
2  o  o 

rest  mass  of  the  electron)  and  A  and  C  constants.  Schram  found  the  Born 

approximation  to  be  an  accurate  description  of  the  non.-elativistic  energy 

i  - 14  2 

dependence.  The  constants  A  and  C  are  (1.84  -  0.01)  x  10  ev  cm  and 
+  -1 

0.078  -  0.001  ev  ,  respectively. 


For  analysis  of  the  excitation  cross  section  for  the  3914  R  band  by 
electrons  of  from  3  to  60  kev  energy,  where  relativistic  effects  become 
significant,  the  expression 


0  39 14  R  =  ~r  [  lo9e  CL1  -  loge  0-P2)  -  P2  1 

is  used  where  p  is  the  ratio  of  the  electron  velocity  to  the  velocity  of  light. 

In  Figure  67  ("3914  ft  ^  is  plotted  as  a  function  of  the  quantity  log  I'.'  - 

2  2  e 
log  (1-p  )  -  p  .  The  linear  relationship  indicates  the  Born  approximation 
e 

accurately  describes  the  energy  dependence  of  the  3914  A  band  cross  section. 
A  least  squares  analysis  of  the  data  presented  in  Tigure  67  yields  values  of 
A  and  C  of  (12.6  -  0.4)  x  10  ^  ev  cm2  and  (0.08  4  o'(32'  SV  ^  rcsPective!-' • 
An  additional  estimated  error  of  -  15%  exists  in  the  value  of  A  due  to  the 
error  in  the  absolute  cross  section  ineasui ement.  Schram's  value  of  A  is 
15  times  the  value  presented  tor  the  3914  R  band  while  the  •  aluen  of  C 
agree  within  experimental  error. 

A  comparison  of  the  published2^  3914  R  band  electron  excitation 

1 3 

cross  sections  and  the  total  ionization  cross  sections  of  Tate  and  Smith 
46  14 

Cook  and  Peterson  ,  and  Schram  et  al  indicates  a  similar  energy  depen¬ 
dence  for  all  the  measurements.  For  electrons  with  energy  in  excess  of 
100  ev,  an  essentially  constant  ratio  exists  between  given  3914  R  band 
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£xc it* t ‘on  csr.d  N  to* s l  ion •?* tion  cross  section  rncdsurcr.'.onts .  However, 

the  magnitude  of  this  ratio  varies  from  approximately  13  to  50  among  the 

various  results  due  to  discrepancies  in  the  magnitude  of  the  cross  sections, 

The  bulk  of  this  discrepancy  is  in  the  excitation  cross  sections.  The  total 

13  14 

ionization  cross  sections  of  Tate  and  Smith  and  Schram  et  a)  agree 


within  20  percent. 


23 


Valentine  and  Curran  present  a  review  of  experimental  evidence 
that  indicates  energetic  electrons  incident  on  nitrogen  lose  an  average  35  ev 
per  ion  pair  produced.  The  average  energy  lost  is  independent  of  electron 
energy  for  electrons  with  energy  in  excess  of  approximately  100  cv. 

Based  on  the  ratio  of  15  ion  pairs  per  3914  X  photon  and  35  ev  lost 

_3 

per  ion  pair  produced,  a  fluorescent  efficiency  of  6.0  x  10  is  indicated 
for  production  of  the  3914  X  band  in  N  by  electrons.  Values  of  13  to  15  ion 


o  39-42 

pairs  per  3914  A  photon  are  indicated  by  recently  reported  excitation 

cross  sections  based  on  the  total  ionization  cross  section  of  Schram  et  al. 


14 


Similar  analysis  using  the  originally  reported 


36, 37,38,43 


excitation  cross 


sections  yield  approximately  35  ion  pairs  per  photon  and  a  fluorescent 

_3 

efficiency  of  2 . 6  x  10  for  electrons  incident  on  N^.  The  cross  section 
measured  by  Schram  et  al  for  electron  lunization  is  16  percent  larger  for 
than  N  .  Assuming  negligible  competing  inelastic  electron  collisions  with 

*  _  O 

other  atmospheric  constituents,  the  6.0  x  10  °  3914  X  electron  induced 

_3 

fluorescent  efficiency  in  reduces  to  4.6  x  10  in  air.  The  fluorescent 

efficiency  calculated  in  this  manner  is  independent  of  electron  energy  for 

47 

electrons  with  energies  in  excess  of  approximately  100  ev.  Hartman  in 

an  experiment  designed  to  measure  fluorescent  efficiency  directly  in  air  at 

pressures  low  enough  to  exclude  collisicnal  deactivation  presents  a  value 

of  3.4  x  10  ^  for  production  of  the  3914  X  band  by  electrons.  This  value 

48  49 

confirms  a  tentative  result  given  in  an  earlier  report.  Green  and  Barth 
present  a  theoretical  estimate  of  the  fraction  of  a  30  kev  electron's  kinetic 
energy  lost  by  inelastic  collisions  resulting  in  the  population  of  the 
electronic  states  of  and  N*.  A  fluorescent  efficiency  of  1.4  x  10  ^  is 
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of  3  to  5  x  10  for  production  in  nitrogen  by  cl>.'"tr- >riS  w,th  energy  in  the 
range  of  1  to  10^  kev,  However  both  of  these  calculated  fluorescent 
efficiencies  arc  based  on  initially  reported  values  of  the  electron  excitation 
cross  section  for  the  3914  ft  band.  Use  of  the  larger  more  recently  reported 
values  would  increase  the  fluorescent  efficiencies  by  a  factor  of  slightly 
greater  than  two. 

5 1 

Nicholls  has  calculated  I'rank-Condon  factors  lor  the  first  negative 

and  the  Meincl  systems  of  N^.  In  addition  to  calculations  of  the  relative 

Frank-Condon  factors  for  transitions  of  a  given  progression,  values  arc 

presented  for  Hie  transitions  to  various  upper  vibrational  levels  excited 

from  the  ground  state.  Based  or.  these  Frank-Condon  factors  and  assuming 

the  electronic  transition  moment  is  a  constant,  the  relative  Meincl  band 

cross  sections  have  been  calculated.  The  calculation  also  assumes  the 

vibrational  levels  are  populated  by  electron  excitation  in  proportion  to  their 

Frank-Condon  factors.  The  calculated  and  experimental  values  are  compared 

in  Table  IX.  The  Frank-Condon  factors  indicate  the  (2-0),  (1-0)  and  (0-0) 

bands  represent  10,  24  and  16  percent  of  all  the  Meincl  band  transitions. 

Similar  analysis  indicates  the  3914  ft  band  represents  OS  percent  of  all  the 

first  negative  transitions.  On  the  basis  of  these  percentages  and  the  cross 

syciioMh  i oi  iliioct  excitation  (tliC  Meinel  band  cross  sections  rn go s ur cg  ot 

5  x  10  Hz),  the  ratio  of  the  population  by  direct  electron  excitation  of  the 

M+  A ^  FT  to  the  B“  l/  state  is  4  to  1  .  Since  it  is  also  known  the  3914  ft 
2  u  u 

excitation  cross  section  represents  one  out  of  15  ionizing  collisions,  a 

2  ^  T 

maximum  value  for  the  relative  population  of  the  X  —  state  of  N ^  may  be 

calculated.  Assuming  the  first  three  electronic  states  represent  the  total 

ionization  cross  section,  the  X,  A  and  R  states  are  populated  in  the  ratio 

27 

of  5:4:1.  Zapesochnyi  and  Skubemcn  have  measured  the  cross  section 

o  2  ■*  -i 

for  the  electron  excitation  of  the  A"  II  and  B  electronic  states  of  N  by 

u  2 

summing  the  cross  sections  for  the  more  intense  Memo!  and  first  negative 
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TABLE  IX 


RELATIVE  ML! MEL  BAND  EXCITATION  CROSS  SECTIONS 


Transition 

This  Experiment 

Theoretical 

+ 

2-0 

I .0  -  0.  1 

1.0 

1-0 

2.3  -  0.23 

2.4 

0-0 

2.0  -  0.3 

1.8 

aThe  theoretical  values  are  based  on  the  Frank-Condon  factors  of  Nicholls 
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transitions .  At  the  maximum  electron  energy  of  HO  cv  the  ratio  of  the  A  to  B 
state  excitation  cross  section  is  approximately  2.5-1.  While  a  maximum 
error  of  40%  Is  given  lor  the  absolute  values  of  the  cross  sections,  the  error 
in  the  relative  cross  sections  and  the  target  gas  pressure  for  the  Meincl 
band  measurements  are  not  specified. 

The  (2-0),  tl-0)  and  (0-0)  Mcinel  bands  have  excitation  cross 
sections  (including  the  indirect  populating  process)  that  are  0.9,  2.1  and 
1.8  times  the  3914  R  band.  At  pressures  below  5  x  10  ^  Torr  where  collisional 

quenching  is  an  ineffective  depopulating  process  the  cross  sections  repre- 

-  3  -  3  -  3 

sent  fluorescent  efficiencies  of  2.7  x  10  ,  5.4  x  10  and  3.9  x  10  .  At 

this  pressure,  it  is  estimated  that  approximately  55  percent  of  the  emission 
is  due  to  direct  electron  excitation  and  the  remainder  the  result  of  an  in¬ 
direct  populating  mechanism. 


5.  CONCLUSIONS 


The  absolute  intensity  of  the  optica',  emissions  resulting  from  electron 

bombardment  of  nitrogen  and  air  have  been  measured.  The  intensities  have 

been  expressed  in  the  form  of  fluorescent  efficiencies,  the  fraction  of  the 

electron's  kinetic  energy  converted  into  optical  radiation  in  a  given  trar.s- 

+ 

ition.  Data  are  presented  for  the  first  negative  and  Meinel  systems  of  N^ 
and  the  first  and  second  positive  systems  of  N  .  The  measurements  have 
been  made  in  the  pressure  range  where  collisional  deactivation  and  radiative 
transitions  are  competing  depopulating  processes.  With  the  exception  of 

4- 

the  Meinel  bands  of  N^,  Stern-Volmer  quenching  describes  the  pressure 
dependence  of  the  fluorescent  efficiencies.  The  Meinel  bands  are  excited 
by  a  dual  excitation  mechanism.  One  of  the  excitation  mechanisms  is 
pressure  dependent  and  is  not  described  by  the  Gtern-Volmer  quenching 
process . 

Figures  68  and  69  present  fluorescent  efficiencies  as  a  function  of 
pressure  in  and  air  for  representative  transitions  of  the  band  systems 
considered.  The  fluoiescent  efficiency  for  the  (1-0)  Meinel  band  is  for 
direct  excitation  exclusive  of  the  cascade  mechanism.  The  magnitude  of 

3 

the  efficiency  is  cased  in  part  on  the  cross  section  measured  at  5  x  10  Hz 

-4  -4 

at  a  pressure  of  5  x  10  Torr.  Figure  59  indicates  at  5  x  10  Torr  the 

excitation  cross  section  for  direct  excitation  represents  60  percent  of  the 

total  cross  section.  The  fluorescent  efficiency  for  the  (1-0)  Meinel  band 

3 

given  in  Figure  68  is  based  on  the  cross  section  measured  at  5  x  10  Hz 
reduced  by  20  percent.  Thus  the  fluorescent  efficiency  is  a  minimum  value 
and  at  lower  pressures  an  increasing  additional  contribution  to  the  fluor¬ 
escence  is  made  by  an  indirect  populating  mechanism. 

The  data  of  Figures  68  and  69  aid  in  the  interpretation  of  atmospheric 
radiative  phenomena  produced  by  electron  excitation.  The  magnitude  of  the 
fluorescent  efficiencies  are  estimated  to  be  independent  of  electron  energy 
for  electrons  with  energy  in  excess  of  approximately  100  ev  in  agreement 
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S2 

with  the  calculations  of  Stolarski  and  Green  .  Below  80  km,  photochemical 
reactions  are  minimal,  the  atmosphere  is  almost  completely  N and  O  m 
the  ratio  of  4  to  1  and  the  fluorescent  efficiencies  of  1'igurcs  GO  and  G9  apply 
directly.  Above  00  km ,  the  increasing  concentration  of  atomic  species  offer 
alternative  energy  dissipating  mechanisms  to  the  molecular  process  presented 
in  tins  report. 
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13.  ABSTRACT 

The  optical  radiation  from  air  and  nitrogen  bombarded  by  energetic  (kev) 
electrons  has  been  measured  over  a  wide  range  of  gas  pressures.  Absolute  flu¬ 
orescent  efficiencies  of  spectra  from  3, 200  to  11,000  ft.  are  presented  for  air  and] 
nitrogen  at  both  22  Torr  excited  by  10  kev  electrons  and  600  Torr  excited  by 
50  kev  electrons.  At  lower  pressures,  absolute  intensity  measurements  have 
been  made  in  the  form  jf  electron  excitation  cross  sections  for  the  first  negativej 
and  Meinel  bands  of  N£.  The  radiative  lifetimes  of  the  Meinel  bands  are  also 
given.  '  v 

The  pressure  dependence  of  the  first  and  second  positive  systems  of  N2  and 
the  first  negative  and  Ivieinei  systems  of  N2  has  been  analyzed.  With  the 
exception  of  the  Meinel  bands,  the  Stem-Volmer  collisional  quenching  mechan¬ 
ism  accurately  describes  the  pressure  dependence  of  these  systems  in  nitrogen 
and  air. 

Based  on  the  Stern-Volmer  analysis,  the  absolute  intensity  of  the  electron 
induced  fluorescence  is  determined  for  various  transitions  of  these  four  band 
systems  for  any  pressure  of  air  or  nitrogen. 


DD  .  1473 

*  NOV  S3 


Security  Classification 


UNCLASSIFIED 
Security  ClaMificction 


Optica!  Radiation 
Air  and  Nitrogen 
Gas  Pressure 

Absolute  Fluorescent  Efficiency 
Excitation  Cross  Sections 
Radiative  Lifetimes 

N£  First  Positive  System 
N2  Second  Positive  System 
N*  First  Negative  System 
Meinel  Band  System 
Collisions 
Quenching 


